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A nuclear structure study of "'Sm is presented on the basis of low-energy y-ray and conversion
electron spectroscopy, in connection with thermal neutron capture, and high-energy primary y-ray
measurements following average resonance neutron capture. The level scheme is established up to
1020 keV and incorporates 44 levels. Unique spin and parity assignments are made for 34 levels,

and narrow limits are set for the remaining levels. Further possible levels are given between 355 and
1220 keV. Theoretical calculations are presented in the framework of the quasiparticle-rotor model,
introducing Coriolis coupling and ddt =2 interaction. Comparisons between theoretical and experi-
mental results are made for level energies, branching ratios, and multipole mixing ratios.

I. INTRODUCTION

A familiar description of the transition from spherical
to deformed nuclei assumes that it arises from the inter-
play between pairing and quadrupole components in the
nuclear interaction. As one moves away from closed
shells, the long-range quadrupole force gradually becomes
more effective, and a stable deformation ultimately sets
in. Over the last 30 ynrs it has been established that the
unified model and its many variants provide a satisfactory
interpretation of the nuclear structure of deformed nuclei.
No such simple model is available for transitional nuclei.

An exhaustive investigation into the characteristics of
the spherical to deformed phase transition as applied to
the case of ' Sm-' Sm has been pubhshed by Kumar. ' It
may already be surmised from this work that the nuclear
structure of the even-odd nucleus ' 'Sm is likely to be
complex and may not lend itself easily to model interpre-
tation. This has subsequently lien confirmed by
numerous experimental studies 2 and the fact that most
low-spin states observed in ' 'Sm continue to defy
straightforward theoretical description. '

Previous experimental studies can roughly be classified
in the following three groups: those involving reactions of
the (a,xny) type, ' ' ' those dealing with the P decay of' 'Pm (Refs. 2—5, 9—12, 15, and 18), and those based on
reactions with one- or two-particle transfer, ' ' inelastic
scattering, and Coulomb excitation. ' Reactions of the
(a,xny) type selectively populate high-spin states in rota-
tional bands built on low-lying configurations.

The P-decay studies reveal complex y spectra with
many unresolved multiplet structures. The high-
resolution curved-crystal spectrometer measurements
presented in this paper are aimed at obtaining the best
possible energy precision for y transitions and levels.
These measurements also made it possible to considerably
extend the level scheme. Results from average neutron
capture experiments, often in combination with results
from P decay, from the third group of reactions men-
tioned above, and from the (n, e ) measurements present-
ed herein, have allowed the assignment of numerous spin-
parity values.

Finally, an interpretation has been sought for the low-
energy part of the level scheme in terms of the particle-
rotor model, and Coriolis coupling calculations have been
introduced in an attempt to obtain an adequate theoretical
description of the observed phenomena. The theoretical
considerations have taken full account of previously pub-
lished results

II. EXPERIMENTAL PROCEDURES AND RESULTS

A. High-resolution measurements of
the low-energy (nth, y ) spectrum

daisy' bent-crystal spectrometer measurements

Energies and intensities of y transitions ranging from
50 keV to about 1100 keV and originating from deexcita-
tion of low-lying states in ' 'Sm populated by thermal
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FIG. 1. Schematic drawing of Risy S.s-m bent-crystal diffraction spectrometer and tangential reactor tube layout.

neutron capture, have been measured with high resolution
in two runs of up to five orders of diffraction, using the
5.8 m curved-crystal spectrometer at Ris@, Denmark.
Targets, consisting of 25 mg of Sm203 powder enriched to
99.97%%uo in ' Sm, were wrapped in 0.035 mm thick Al foil
and pressed between 0.2 mm thick ground aluminum
U-shaped profiles to keep the source material plane to
0.01 mm or less. The sources had final dimensions of
25 X4.5 X0.05 mm3 after pressing and were freely
suspended from thin wires in the center of a tangential
beam tube at the Risis DR-3 research reactor, the fine
edge facing the diffracting crystal. A schematic drawing
of the reactor channel, target manipulation facilities, and
the bent-crystal diffraction spectrometer is shown in Fig.

1. Targets were hit by a thermal neutron fiux of
(3.9+0.5)X10'3 cm i sec '. The isotopic composition
of the enriched target material as furnished by the sup-
plier (Isotopes Sales Division, Union Carbide Corporation,
Oak Ridge, Tennessee), along with the relative contribu-
tion of each component to the thermal neutron capture
rate, is given in Table I.

A detailed description of operating characteristics and
performance of the Risis curved-crystal spectrometer has
been given by Koch et al.~5 The most conspicuous feature
of the RisIs spectrometer is its high energy resolution.
The crystal is a 4 mm thick slab of quartz (70X 80 mme)
reflecting at the (110) planes in I.aue diffraction, i.e., in
transmission, with a grating constant of 2A7 A. Only

TASI.E I. Isotopic composition and relative contribution of each component to the thermal neutron

capture rate of targets used in the Ris bent-crystal experiment. Only those elemental impurities that
contribute more than 0.01' to the capture rate have been given.

Identification

Composition

{%}
Thermal neutron capture

cross section (b)'

Relative contribution

to capture rate (%)

144sm

147sm

148Sm

'4'Sm
' Sm
152sm

'"Sm

& 0.01

& 0.01

& 0.01

0.017
99.973

0.01

&0.01

-0.7
64

2.7
41000

102

20{)

5.5

k5
+0.6
+2000
+5
+6
+1.1

& 5.7X 10-'
&5.2X10 3

& 2.2X 10-4

5.7
83.4

1.68 X10-'
&4.5X10 "

Cd

Eu

Gd

Dy
Ta

& 0.05

&0.02

& 0.02

& 0.1

&0.05

2450

4600
49000

930
700

+20
+100

+ 1000

+20
+200

& 1.00
&0,75

& 8.0

& 0.76

& 0.29

'From Mughabghab and Garber (Ref. 24).
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one-half of a circular aperture of 42 mm diameter is ex-

posed to the incoming y beain. The wavelength of dif-
fracted y rays obeys the usual Bragg law

a(E)= ] e
—PA

ni, =2d sinO .

Of all the possible aberrations from the ideal source and
crystal geometry that contribute to line broadening,
those resulting from the finite source width and defocal-
ized source position are predominant. While the latter
contribution can be minimized to -0.6", the former is re-

sponsible for at least l.g" using sources of dimensions as

given above. The total angular linewidth obtained experi-
mentally amounted to -2" and was virtually independent
of energy and reflection order and was unaffected by the
counting rate. This leaves at most 0.7" for the sum of the
intrinsic crystal linewidth and the width resulting from
nonideal curvature, similar to the value found during pre-
vious experiments. Using Bragg's law the connection
between angular linewidth and energy resolution can easi-

ly be obtained. This leads to the following relation for the
FWHM (full width at half maximum}

b E=4.0X10 E n 'keV

This corresponds to a relative linewidth of (0.04
—0.24)n % in the energy range of highest sensitivity
from about 100 to 600 keV.

Purely statistical errors on peak centroid determination
vary from 0.01" for strong lines to 0.25" for weak lines.
The occurrence of y transitions in multiple diffraction or-
ders provides an internal check on the linearity of the
spectrometer. Nonlinearities introduced by the crystal
driving mechanism are partly eliminated by applying a
polynomial correction function, the coefficients of which
are obtained from a least-squares adjustment to a total of
124 strong and well-isolated reflections, covering the
whole angular range. Remaining deviations from the
ideal peak locations arising from any residual instrumen-
tal nonlinearities are of random nature. They are ac-
counted for by introducing an equivalent statistical error
situated in the 0.15" to 0.35" bracket. This results in a
combined uncertainty in the energy of a single y reflection
given by

2Ob 1 1+e "" 1
X 1+

ma 2 1 —e ~ px
1 —e

pX

10-

1&i
Transi t ions in Sm

C ]0l

C)
D
C)

(4)

where p (p, ') is the absorption coefficient of the target
(holder), x (x') is the depth of the target (holder} in the
bairn direction, 8 is the angle spanned by the diffracting
crystal at the source position, and b/a is the ratio of
depth to thickness of the target. The narrow linewidth
observed can be regarded as evidence for the major ideal-
izing assumptions regarding target shape and orientation
being justified.

Relative intensities of measured y lines are obtained
from fitted peak areas, relative spectrometer efficiency,
and self-absorption correction. In regions where the peak
height to background ratio is favorable (see Fig. 2 for
spectrometer sensitivity}, a contribution in the percent er-
ror of 1% for strong lines and more than 25% for weak
lines should be attributed to peak area fits and 7—15 % to
the efficiency calibration. The major source for intensity
errors of low-energy lines, however, has to be sought in
the poor determination of the effective target depth x
entering expression (4) for the self-absorption a(E). The
relative error in a(E) can be calculated from

5ala=(1 ae —"')Sxlx,
where the error in the mass absorption coefficient,

uE ——(0.3 —0.7) X 10-'E'n- 'keV- ' (3)
S ~

~ ~

~ ~
~ ~

'~ ~ ~

The absolute photon detection efficiency of a curved-
crystal spectrometer is naturally limited due to its small
solid angle, vrhich is no more than 1.5&10 at Rise.
The relative spectrometer efficiency in different diffrac-
tion orders has been taken from Ref. 27. Using sources
shaped as thin blades in the boun direction, strong ab-
sorption of low-energy y rays in the source itself is inevit-
able. However, due to the small but finite solid angle
under which the diffracting crystal is viewed, one has to
consider that part of the radiation "leaks" from the sides
of the target, skimming along its lateral surfaces, and con-
sequently experiences attenuation in the aluminium target
holder only. Under a number of simplifying assumptions,
one can represent the self-absorption including this edge
effect by
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FIG. 2. Plot of relative intensity versus energy of all ' 'Sm
transitions observed with the Risg bent-crystal spectrometer.
Lovrer boundary in this plot represents energy dependence of
spectrometer sensitivity.
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5p/p-1%, has been neglected. It is clear that at the
lowest energies 5a/a approaches the relative error in the
target surface density, which has been estimated to be
5x /x -20%.

A graphic representation of the spectrometer sensitivity
is provided in Fig. 2. The y intensity of all observed tran-
sitions is plotted versus their energy. The salient features
of this graph can be understood by noting that at small
diffraction angles, in addition to reduced crystal reflectivi-
ty, an appreciable amount of undiffracted y radiation is
scattered into the detector collimator. The sharp turn up-
ward at low energies reflects the pronounced effect of ab-
sorption. Moreover, the low-energy region increasingly
suffers from background which is diffracted by the crys-
tal, composed of Compton scattered reactor y rays in the
target environment. R~~tor hall background has been re-
duced to a minor fraction by adequate detector shield-
ing.

A total of 20260 angular positions have been scanned,
progressing in angular steps of 0.5". At low angles, the
counting time per angular position was 50 sec. It was set
to 40 sec for e~ 1.2', equivalent to y energies 8„~120
keV in first order. The entire measurement took about
270 h and was integrally repeated in an independent
second run.

Figure 3 shows a representative portion of the
Sm(n, y)'s'Sm spectrum around 340 keV, taken in dif-

ferent diffraction orders. It is intended to illustrate the
excellent resolving power of the higher orders, separating
lines that appear as unresolved complex structures in first
order. Standard data reduction techniques have been uti-
lized for spectral analysis. Table II lists all y lines detect-
ed by bent-crystal spectrometry after thermal n capture in
a ' Sm target. Energies and intensities are weighted aver-
ages over different runs and diffraction orders.

It is useful to critically examine the compatibility of
these independent measurements, because inconsistencies
imply either fallacious error estimates or the presence of
unknown systematic errors. One method for testing
whether X measurements X; of an observable X with
"a priori" assigned errors o( are compatible, is based on
the so-called Birge ratio. 29 It consists of assigning an un-
certainty to the weighted average X by the criterion of
external consistency

1

((r"') =— g(X —X) /u; (N 1)g(1/tr;)—
1 1

(6a)

apart from the usual internal consistency error
—1

1
L

and defining the Birge ratio as

~(e)/~(i)

Values of 8 significantly larger than unity might indi-
cate systematic errors or that some or all of the tr; have
been underestimated. As a consistency test, Birge ratios
8 for all energy and intensity averages have be(m verifi(d.
The errors quoted in Table II are a" or cr'", whichever is
larger. For the purpose of energy calibration, the Sm I('
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FIG. 3. Portion of ' Sm(n, y)'"Sm spectrum in the region
328—354 keV for first, third, and fifth diffraction order mea-
sured at the Ris@ bent-crystal spectrometer. Two lines in fifth
order, labeled as spurious, are due to cross talk from the fourth
order. Lines marked by "A" or "8"belong to ' Sm or (5iSm,

respectively. The latter results from neutron capture in ' 'Sm
built up during irradiation.

lines have been scanned. Unfortunately, the x rays were
not connected in a continuous fashion with the region of
lowest y-ray energies. This very discontinuity may be re-
sponsible for a possible systematic deviation of
0.02—0.03% in all energies. Since systematic errors are
irrelevant for level scheme development, the errors given
in Table II do not include calibration errors.

Also indicated in Table II is the origin of a number of
lines that are present in the spectrum but do not belong to
' 'Sm. From Table I it is clear what kind of interference
is to be expected. Although one would initially have an
appreciable capture rate contribution of Gd, the very high
cross section ensures that this impurity burns out quickly
during the first hours of irradiation. Possibly, some "Cd
lines and one ' Eu line are present. Decay of ' 'Sm only
produces a 21.54 keV transition in ' 'Eu. Lines pertain-
ing to the reaction ' Sm(n, y)' Sm can easily be identi-
fied by comparison with the precise bent-crystal data of
Smither. 3' Those resulting from double neutron capture
in ' Sm, and therefore decaying from levels in ' Sm, are
recognized by their growing intensity as a function of
time, according to

I(t)=%[exp( cJ+t) exp( —o)P —A) )t—], —
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TABLE II. Low-energy y-ray transitions from thermal neutron capture in an enriched "Sm target, as measured by the Rise
bent-crystal diffraction spectrometer.

E„(aE„)'
(keV)

1112.58(28}
1110.9(6)
1085.86(22)
1073.1(4)
1048.1(5)
1020.8(6)
1005.38(22)
995.7{5)
993.6(4}
964.11{11)
961.2(5)
951.2S{15)
94S.73(22)
926.8(3)
922.14(21)
919.52(7)
913.3(3)
910.48(21)
907.4(4)
905.4(4)
901.53{13)
891.76(23)
885.97(23)
876.8(4)
867.34(12)
861.0(5)
856.33(20)
855.31{6)
853.04{8)
848.81(14)
845.9(6)
843.80(29)
841.63(6}
838.7{3)
834.83(28)
822.0(6)
818.76(7}
817.1(3}
812.6(4)
810.59(8)
807.55(19)
795.82(25 }
792.08( 13)
790.30(27)
787.4(7)
785.23(14)
783.57(8)
772.98(14)
769.65(7)
761.51(16)
759.35(25)
756.11(25)
752.96( 14)
752.42(12)
749.23(24)
741.83(15)
739.02(21)
737.38(7)

0.6

0.9

1.0
0.4

0.9

0.9

0.5
0.8
0.7
0.4

0.8
0.4

0.8

1.2

0.9
0.4

0.7
0.7

0.7
1.1

0.9

Iq'
(y/1000 n)

5.3

3.8

3.7

7.0
5.1

3.3

3.4
4.0
3.0
2.7

3.0
3.0
2.0

1.6
3.0

6.5
3.4
4.2
2.3

2.7
2.3
2.6
4.5
1.5
1.4

1.9
1.9
2.0
1.8
1.7
1.9
4.0
2.0
3.3
1.6
1.3
1.4
2.0
2.9

2.1

1.5

crI,'
(%)

35

14
19

27

34
20
32
43

24
28
47

61
31

14
17
29
27

25
33
36
11
44
51

24
33
21
25
46
23
10
28
13
24
33
37
18
46

R.

0.4

0.8

1.6
0.7

1.0

0.8

0.7
0.4

0.6
1.0

0.9
1.0

Assignment

E,{ eV)-Ef{l eV)

951.4-0.0
953.6-4.8

951.4-65.8

953.6-104.8

822.0-0.0

822.0-4.8

960.5-168.4

953.6-168.4
951.4-167.8

822.8-69.7
822.0-69.7

804.7-65.8

2

(1)
1

3
(1)
2

(1)
3
2
1

3
6

2

(1}
3
2

2

(1)
3

1

3

6
4

(1}

5

3

(1)
6
1

(1)
4
2

3

1

3

2
1

5

(2)

Comment

'"Sm

'"Sm

150Sm

152Sm

'52Sm

152Sm

'"Srn
E1(+M2)
E1(+M2}
152Sm

152Sm

152Sm

152Sm

152sm

E 1(+M2)

'"Srn

152sm

E1(+M2)

'"Sm
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E~ (oE„)'
(keV) z, b

Iy'
(y/1000 n)

TABLE II. ( Continued).

Assignment
E;(keV)-Ef (keV) Comment

736.24(12)
735.49(11)
728.1(3)
725.23(20)
717.90{4}
717.11(4)

714.39(10)
712.19(9)
704.29(6)
703.34(17)
699.77(10)
698,51(9)
688.759(28)
675.74(13)
674.76(3)
672.52(12)
671.43(4)
669.23(5)
665.38(8)
663.64(13)
661.75(14)
658.16(9)
656.579(28)
648.78{6)
646.6(4)
640.34{9)
637.39(21)

636.71(17)
636.317(25)
635.83(10)
633.74{8)
632.07(5)
629.44(3)
620.562{ 24}
619.54(18)
612.93(15)
612.28(4)
611.87(14)
606.56(6)
603.67(4)
603.01(6)
601.46(15)
599.99(8)
598.73(9)
598.12(6)
597.81(12)
595.71(11)

593.47{9)
5SS.15{5)
585.07(16)
584.41(4)
583.34(9)
575.28(3)
571.90(7)
568.55(8)
565.121(28)

1.3

1.0
0.5

0.6
0.9
1.1

0.8
0.6
0.6

0.7
1.6
1.5
0.5
0.4

0.4
0.9
0.8

0.7

1.0

0.11
1.4
0.3
0.7

0.7

0.9
0.9
1.0

0.7

0.15

0.5
1.3

0.5

1.1
1.0
1.0
0.7

2.7
2.1

1.1
1.6
7.3
5.7

1.55

3.4
1.3
1.55
1.89

2.22
7.0
2.81
1.49
0.95
0.91
1.39

0.93
0.9
0.91
0.65

1.8
7.3
3.3
1.57
2.13
2.60
5.66
0.59
1.3
2.54
1.7
1.52
2.11
1.38
0.90
1.37
1.6
2.29
1.7
0.74

0.67
2.13
0.59

0.6
1.76
1.30
0.65
2.36

12
31
47
31

9

9
27
15
13

12
13
9

18
23
26
15

20
41
21
39

55
4

51
l, 3
9
8

39
31
7

46
l.0
13
18
32
13
19
9

39
21

21
10
29

0.7

0.5
0.9

0.5
0.8

0.28
2.6
0.8
1.1

0.16

0.9

0.8

0.5
0.9
1.2
1.1

0.7
1.2
1.3

0.9

0.9

0.5

0.7
O.S

0.9
0.6
0.6
0.8

741.2-4. 8

822.8-104.8
722.0-4.8
822.0-104.8

774.0-69.7
703.3-0.0
804.7-104.8
703.3-4.8

1017.3-345.0
741.2-69.7
774.0-104.8

663.6-0.0
1017.3-355.7
663.1-4.8

951.4-302.6

703.3-65.8
951.4-313.9
804.7-167.8
741.2-104.8
920.8-285.0

632.1-0.0

620.6-0.0

822.0-209.0

951.4-345.0

1017.3-415.7

774.0-175.4

663.6-65.8
804.7-209.0
951.4-355.7
663.1-69.7

1017.3-448.6
920.8-355.7

4
3
6

5

5

7
3
8
6
4
2
2
3
8
5
1

4
(1)

1

9
1

3
8
8
9

(1)
1

1

5

5

5

2
4
2

1

3

'"Sm

'"sm
'"Sm
'"sm

"'sm(+ '"sm)

sm

( 152sm)
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TABLE II. ( Continued).

E~ (OE„)'
(keV)

564.104(28)
563.068(22)
562.30{20)
559.71{21)
558.15(6)
SS7.33(11)
556.34(23)
555.84(11)
554.76(6)
550.86{3)
545.93(11)
543.33{17)
S36.82(12)
536.26{12)
53S.513{28)
534.85(7)
S31.11(13)
530.14(8)
523.26(5)
521.21(6)
519.65{5)
516.92{13)
516.364(17)
514.786(29}
508.25{25)
505.70(6)
505.55(3)
505.03S(12)
504.17(10)
499.67(13)
497.4SS(13)
496.50(8}
495.246{17)
494.59(14)
493.64(8)
490.77(19)
490.36(4)
486.7(3)
485.95(13)
485.26(11)
483.77(17)
482.33(9)
481.86(13)
481.40(7)
481.18(7)
479.52(21)
478.S2(7)
477.94(13)
477.18(22)
475.90(23)
473.30{11)
472.963(2S}
472.29(8)
471.33(9)
470.83(16)
470.471(14)
466.88(25 )

46s.o3(»)
464.29(3)

0.7
0.6

0.8
0.7

0.7

0.6

o.6
1.7
0.8
0.5

1.1
0.8

0.6

0.8

0.7

0.4

1.3

0.9

1.0

(y/1000 n)

0.41
0.43
1.33
0.47
0.8
0.72
1.10
1.22
0.41
0.33
0.50
0.53
2.50
0.79
0.47
0.54

0.85
0.55
0.51
5.22
2,48
1.0
2.3

11.0
0.9
0.39
6.53
1,46
3.26
0.47

0.30
0.65
0.45

0.70
0.44

0.34
0.89
0.77
0.47
0.49
0.35
0.46
0.47
0.57
1.07
0.63
0.42
0.39
2.40
0.32
0.41
0.91

OI,'
(%)

46
36
10
29
61
27
12
9

30
48
26
32

18
39
19

12
21
35
6

10
40
47

4
49
44

4
15

5

48

61
14
55

20
67

45
26
15
37
34
47
38
42
31
12
26
26
49

7
47
30
18

Rb

0.8
0.8

0.5

1.3

0.8

0.9
0.9

1.5
0.8

0.9

1.0

1.0

Assignment
E;(keV)-Ef (keV)

632.1-69.7

663.1-104.8

951.4-395.6
62O.6-65.8
62O.6-69.7
754.8-209.0

822.0-285.0

703.3-167.8
703.3-168.4

521.2-0.0
804.7-285.0

521.2-4. 8
960.5-445.7
822.0-313.9
951.4-445. 7

5O2.3-4.8

663.1-167.8
663.1-168.4

804.7-313.9
490.4-0.0

774.0-294.9

822.8-345.0
822.0-345.0

920.8-448.6
774.0-302.6

470.4-0.0
774.0-306.8

632.1-167.8

7

(1)

2
1

7

(1)
3

(1)
7

(1)

6

4
(1)
10
4

(1)
1

2

(1)
(1)
10

8
(1)
(2)
(1)
6

(1)

2
(1)

(1)

3
(1)

1

(1)

1

(&)

9
(1)

4

Comment

'"Srn
'"Srn

»&Sm+ ('"Cd)

( 114Cd)

'"Srn

'"Sm

'"Sm

»zSm

(
~ )4Cd)
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TABLE II. (Continued).

464.02(5)
459.80(12)

459.35(8)
456.47(29)
455.76(8)
452.161(18)
451.467(9)
450.23(6)
448.613(9)
448.159(26)
447.50(8)
445.758(9)
AAA 031(12)
443.809(13)
442.63(11)
440.942(11)
439.466(12)
437.60(8)
435.95{9)
430.89(12)
430.22(11)
429.69(8)
427.25(4)
426.63(8)
424.637(29)
423.038(18)
421.5I(6)
421.25(6)
420.73(6)
420.22(6)
418.48(6)
416.06(6)
415.715(29)
414.93{21)
414.011(28)
413.34(8)
411.50(5)
410.865(12)
408.07(17)
407.08(5)
406.644(14)
405.201(10)
404.617(9)
403.10(4)
402.19(12)
401.71(6)
400.738(15)
398.87{6)
397.45(8)
396.75{13)
396.4'7(4)
396.06(13)
395.75(7)
395.374(13)
391.38(4)
390.79{4)
390.34(7)
388.85(3)

1.4

0.7
0.5
1.2
0.6
0.4

0.6
0.5
1.4
0.5
0.8
0.8

0.6

1.3
0.8

1.7

1.3

0.6

0.8
1.1

0.8
1.2
1.2

0.8

1.0
1.3
0.3

0.8

0.87
0.89

0.43
0.28
0.38
1.53
7.6
0.43

10.4
1.18
0.26

11.4

8.7
0.29
3.2

0.39
0.7
0.20
0.24
0.33
0.41
0.S6
0.89
0.8S
0.35
0.33
0.46
0.71
0.47

0.80
0.25
0.54
0.6
0.25
2.20
0,25
0.30
1.32
3.10
5.62
0.47
0.6
0.30
0.93
0.29
0.20
0.32
0.30
0.36
0.28
1.21
0.38
0.23
0.43
0.31

20
18

32
47
39

8

33

16
33

6
33
22

36
53
50
45
33
16
51

8
9

22
23
26
39
22

15
47
11
54
23

5
39
22

6
6
5

19
81
32

8
31
39
30
18
27
35

6
19
2l

13

z, b

1.5

1.1
1.3
1.0
1.4
1.2

1.5

1.4
0.5
4.6

0.9

1.1
1.0

1.0

1.8

0.7

0.4
1.1

0.7
1.5
1.3

0.9
1.1
1.2

0.7

Assignment
E;(keV)-Ef (keV)

7S4.8-294.9
804.7-345.0

620.6-168.4
521.2-69.7

448.6-0.0

445.7-0.0

448.6-4.8

445.7-4.8
754.8-315.3

754.8-324.0
951.4-521.2

741.2-313.9

490 4-65.8
632.1-209.0

490.4-69.7

920.8-502.3

415.7-0.0
722.0-306.8

620.6-209.0
415.7-4.8
722.0-313.9
822.8-415.7
722.0-315.3

470.4-65.8

470.4-69.7
490.4-91.5
502.3-104.8

1017.3-620.6
703.3-306.8
741.2-345.0
395.6-0.0

395.6-4.8

1

7
10
3

10
4

10
5

3
9
7

(1)
(1)
(1)
(1)
{I)
4
(1)

6
2
3

(1)
1

2
6

(1)
5

(1)
3

10
(1)
2
8

10
10
2

(1)
(1)

2

(1)

(1)
2

{1)

Comment~

E 1(+M2)

E 1(+M2)
Sm

E 1(+M2)
' s~(+ "'sm)

( 114Cd)

152gm
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E„(oE~)'
(keV)

387.89{3)
385.59(6)
385.407{1S)
383.75(7)
380.23(3)
379.917(8)
378.912(6)
378.066(9)
377.76(4)
376.998( 10)
376.27(4)
374.42(3 }
371.05{17)
370.60(4)
368.67(6)
366.275(8)
360.95(4)
359.21(6)
358.995(23)
358.56(5)
358.317(10)
357.93(5)
356.20(4)
354.39{5)
354.14(5)
353.396(6)
352.74(4)
352,07(6)
350.854(5)
349.856(6)
349.198(6)
347.734(10)
347.598(8)
345.976(10)
344.955(7)
343.7SS(16)
341.739(13)
340.86(4)
340.487(5 j
340.141(5)
337.3S(3)
334.554(7)
333.985{6)
331.652{21)
330.62(4)
329.785(6)
329.416(6)
32S.968(7)
328.383(26)
327.83(4)
325.906(8}
325.242(7)
323.984(5)
322.016(10)
32O.237(9)
318.O3{3)
317.147(8)
316.108(9)
315.343(8}

0.6

1.1
0.9
0.5
1.1

0.8

0.9
0.8

1.1
1.4
Q4

0.8

1.1
0.7
0.6

0.7
1.0
0.7
0.9
0.9
1.2
1.1
0.7
1.1

0.7
0.7

0.7
0.6
0.6

0.9
1.0
0.7

1.1
0.9
0.9
0.9
0.7
0.9
1.1
1.2
1.1
1.2

LO%'-ENERGY LEVEL. STRUCTURE OF ' 'Sm BY NEUTRON. . .

(Continued).TABLE II.

CrIy

(%)

C

(y/1000 n)

Assignment
E;{keV)-Ef{keV)

703.3-315.3
490.4-104.8

1.322
27
11
25
19
6
8

7
34

37
62
44
21
26

5
20
37
24
22

6
30
21
33
17
6

24
49

6

7
14

5

8

12
12
22

0.29
0.26
0.70
0.21
0.27
2.10
3.14
1.50
0.51
0.79
0.29
0.8
0.14
0.32
0.15
1.72
0.24
0.18
0.21
0.29
0.78
0.21
0.17
0.19
0.27
2.47
0.17
Q.37
6.4
4.6
3.23
0.88
1.59
0.83
1.72
0.32
0.39
0.52

0.8

0.8
1.4
2.2
1.3

445.7-65.8
448.6-69.7
663.1-285.0

822.8-445.7
822.0-445. 7

1.3

663.6-294.9
722.0-355.7
663.6-302.6
754.8-395.6
804.7-445.7

0.14
1.2

1.4
1.1
1.0 774.0-415.7

663.1-306.80.5

445.7-91.5
521.2-167.8
521.2-168.4

0.21
2.0
0.5

2.0
2.2
2. 1

0.9
0.8
1.5
1.8
0.7
1.0

355.7-4.8
415.7-65.8
663.1-313.9
663.1-315.3
703.3-355.7
415.7-69,7
345.0-0.0
448.6-104.8

445.7-104.8

20.2
0.26
1.10

1.8 345.0-4.8

1.2 502.3-167.8

0.32
0.19
1.24

15
33
6

1.0

0.9 395.6-65.8

0.88
0.7
0.20
0.82
0.88
3.18
0.66

8

53
22

6

1.2
960.5-632. 1

0.9
1.2
0.8
1.7
0.7

395.6-69.7
632.1-306.8
324.0-0.0
490.4-168.4

0.33
0.87

1.0
1.0

1.01 0.8 315.3-0.0

3
1

2
4
9

10
10
(1)
10
2

(2)

(1)
2
3

10
2

(1)
5

3
10
(1)
3

(1)
3

10
3

(1)
10
10
10
6
9

10
10

7
(1)
9

10
2
9
9

2

9

(1)
3

10

3
9

Comment

E 1(+M2)

M 1+E2

M 1+E2

E1(+M2)

152Sm

'"Sm

E1(+M2)
1528

E1(+M2)

152S

Sm
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E~ {0.E„)'
(keV)

I„'
(y/1000 n)

TABLE II. {Continued).

Assignment
E;(keV)-Ef (keV) Comment

315.004(1?)
313.93{3)
312.341(19)
310.853(7}
310.502(6)
309.038(5)
308.083{9)
307.66(4)
307.37S(6)
306.S27(5)
306.332(25)
302.666(6)
302.609(23)
302.48{5)
301.994(8)
298.07{5)
297.823(5)
295.993(1S)

295.53{10)
294.850(7)
293 45(6)
290.775(4)
287.551(6)
286.456(14)
285.832{14)
284.972(11)
283.18(8)
280.851(8)

280.64(5)
280.210{11)
280.151(3)
278.259(12)
278.»3{30)
277.99{4)
277.29{5)
276.347(24)
276.104(17)
275.601(21)
275.243{5)
273.333(8)
272.403(21)
271.269(22)
270.748(11)
269.768(15)
267.407(11)
266.46{8)
264.41(4)
262.330(15)
261.416(5)
258.154(4)
257.523(6)
257.10(4)
256.24(4)
254.645(14}
254.270(6)
252.S6(5)
251.650(4)
2S0.832{3)
249.473(6)

0.7
1.3
0.6
1.3
1.4
1.3
0.7

0.8
1.3
0.8
1.3

1.3

1.0
1.4

1.2
0.9

0.8
0.7

1.0

1.4
0.8
0.9
1.5

1.3
0.9
0.5
0.6
0.7
0.9
Q.S

0.6
1.0
1.2
1.0

0.6
0.9

0.7
O.S
0.3

0.25
0.21
0.17
1.59
3.48

26.2
0.49
0.31
0.73
4.03
0.20
1.76
0.8
0.25
0.74
0.29
1.00
0.22
0.14
0.46
0.16
5.2

0.21
0.32
0.14
0.55
0.60
2.1

43
0.41
0.34
0.22
0.17
0.19
0.50
0.27
7.0
0.31
0.1S
0.18
0.28
0.26
0.21
0.11
0.15
0.23
1.04
1.60
0.44
0.13
0.16
0.19
0.44
0.20

15.3
0.36

14
20
28
12
8
5

10
46

8
7

23
6

56
56
10
40

7
18
46
10
32
6

21
11
42
10
21
34
7

12
18
36
24
35
47
25

6
11
24
22
12
18
17
45
46
22

8
11
53

16
10
30

0.8
0.7
1.0
2.1

1.9
1.3
0.9

1.1
1.8
0.9
1.3

0.7
1.0

1.6

0.9
0.6

0.5

1,4
2.2
0.20
1.0

1.5
0.9
0.6
0.3
0.8
1.3
0.7

O.S

1.0
1.3
1.1

0.9
0.9

2.2
1.5

490.4-175.4
313.9-0.0

41S.7-104.8
315.3-4.8
313.9-4.8
632.1-324.0
703.3-395.6
663.1-355.7
306.8-0.0

470.4-167.S
302.6-0.0

306.8-4.8

302.6-4.8

741.2=~5.7
294.9-0.0

395.6-104.8

285.0-0.0

448.6-167.8

448.6-168.4
285.0-4.8

445.7-167.8
445.7-168.4
632.1-355.7

1017.3-741.2
620.6-345.0
345.0-69.7
722.0-448.6

741.2-470.4

663.1-395.6

754.8-490.4

470.4-209.0
324.0-65.8
703.3-445.7

703.3-448.6
324.0-69.?

355.7-104.8
315.3-65.8

6

9

(1)

9
3

1

(1)
10

(1)
8

9
8

(1)

6
(1)

(1)

9

3
(1)

2
(1)
2
9

3

7
5
6

(1)
{1)
3

(1)
(1)
5
8

9

(' Sm)

151sm( + 152sm)

E1{+M2)
'52sm

'"sm

(E2)

E1{+M2)

E1(+M2)

152sm
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(gE )

(keV)
Iy'

(y/1000 n)

TABLE II. (Continued}.

Assignment
E;(keV)- Ef(keV) Comment

248.75{7)
247.911(4)
247.365(14)
247.263(4)
245.608(4)
244.725(3)
244.229(24)
244.128(8)
243.588(8)
241.04(7)
240.111(3)
237.105{3)
236.808(3)
236.711(9)
236.421{17)
236.197{3)
235.22{6)
233.767(8)
232.943(3)
232.439{3)
232.352(10)
229.761(2S)
229.019(4)
227.850(6)
227.206(4)
227.027(19)
217.412(21)
217.309(4)
216.31(9)
215.264(3)
212.541(5)
211.801(23)
211.111(10)
210.485(9)
210.115(15)
209.967(21)
209.031{5)
2O7.342(1O)
206.669(5)
206.020(22 }
205.868{6}
204.207(3)
203.001(23)
201.972(3)
200.776{7 }
197.806(8)
195.559(17)
195.500(4)
192.611(4)
189.44{4)
188.471(2)
187.904(2}
187.006(2)
186.595(2)
185.940(11)
185.523(24)
183.437(4)
182.929(13)
180.129(3)

0.5
1.1
0.8
0.9
1.0

0.6
1.0
0.9
0.11
0.3
1.2

0.6
1.0
1.2

0.9
0.4
0.4

0.9

1.0
1.5

1.2
1.7

1.9
0.6
1.6

1.0
0.8

1.1
0.16
0.4

1.1
1.5

0.7
0.7
0.5
0.5

0.8

0.4

0.14
0.87
0.22
1.10
1.01

0.25
0.39
0.33
0.15
3.99

10.2
4.1

0.40
0.23
2.53
0.16
0.19
1.64
3.05
0.45
0.17
0.84
0.39
2.27
0.29
0.17
1.08
0.20
1.74

0.15
0.19
0.31
0.21
0.17
8.8
0.18
1.17
0.16
0.26
0.66
0.19

16.6
0.19
0.20
0.17
0.61
1.92
0.17
3.6
4.3
4.2
1.20
0.17
0.14
0.34
0.21
1.63

43
8

21
11
8

35
13
29
50

7
8

9
22
22

8
42
19
10
9

42
41

9
12
9

27
40
10
75
11

53
19
12
38
38
9

20
10
42
13
10
47
10
17
18
53
11
10
42
11
11
11
11
33
54
13
49
12

0.8
0.8
2.2
1.0

0.5

1.0
2.1

1.7
0.5
0.6
1.1

1.2
2.1

2.3

1.3
1.3
1.9

1.5

0.3
0.9

2.0
1.0
1.5

0.4
1.2

2.3
0.6
0.28

1.6
1.5
1.7
1.1

1.0

1.7

415.7-167.8
663.1-415.7
415.7-168.4
315.3-69.7

313.9-69.7

306.8-65.8
345.0-104.8
306.8-69.7
302.6-65.8
445.7-209.0
632.1-395.6
521.2-285.0

302.6-69.7
324.0-91.5

294.9-65, 8

395.6-167.8
395.6-168.4

663.1-445.7
632.1-415.7
285.0-69.7

302.6-91.5
315.3-104.8

209.0-0.0
521.2-313.9
415.7-209.0

521.2-315.3
209.0-4.8

306.8-104.8
722.0-521.2
302.6-104.8
490.4-294. 9
502.3-306.8
663.1-470.4

502.3-313.9
355.7-167.8
502.3-315.3
395.6-209.0

632.1-448.6

285.0-104.8

(1)

5

8

9
2

1

9
10
9
3
3

10
1

6
10
10
(1)
(1)
9
7
7

(1)
2
7

(1}

(1)
5

6
1

1

7
4
7

(1)
7
7

7
6

(1)
7

(1)

(1)

(1)

152Sm

(M2)?
E1(+M2)

{E1)

M 1+E2

( 114Cd)

(M1,E2)
(E1)

M1(+E2)

M1+E2

E1(+M2)

{E1)
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E„{oE„)'
{keV) Z, b

Iq'
(y/1000 n)

TABLE II. {Continued).

Z, b
Assignment

E;(keV)-Ef(keV) Comment

179.311(14}
177.185{2)
176.540(3)
176.225(8)
175.407(15)
174.91(3)
170.516(11)
170A76{15)
170.062(20)
168.419(3)
167.772{3)
165.501(11)
163.599(3}
163.204(13)
163.139(7)
162.950(3)
159.300(4)
1S8.065(13)
157.371(5)
156.214(4)
155.143(10)
155.02(3}
148.853(13}
148.586(16}
148.068(11)
147.546{2 }
147.159(15)
146.902(2)
146.500(9)
146.4S3(3)
143.187(3)
139.314(3)
139.042(3)
138.396(4)
137.591(19)
136.015(12)
134.879(7)
134.222(8)
130A26(5)
127.906{8)
127.319(6)
125.548(4)
125.485(8)
122.365(6)
121.791(2)
120.300{8)
119.775(7)
119.578(10}
119A80(5)
116.500(8)
113.475(18)
113.373( 12)
113.040{3)
11O.921{6)
11O.885(3)
1O9.S72(3)
108.065{»)
105.492(6)
104.851(5)
1O3.202(4)

0.9
0.5
1.3

0.5
0.5

0.7

0.8
1.0

1.9
1.2

0.4

0.7

0.4

1.5
0.5
1.2

0.9
2.5
0.5

0.8

0.7

1.0

0.6

2.2

0.18
4.4
1.02
Q.20
0.20
0.17
0.16
0.17
0.14

13.8
81
0.14

21.7
0.29
1.02
8.6
0.4S
0.20
1.99
0.47
0.24
0.24
Q. 1S
0.23
0.20

50
0.16
1.60
0.22
0.72
1.19
2.9
0.62
Q.93
0.34
Q.21
0.28
0.70
0.32
0.28
0.43
0.47
0.31
0.52

0.32
0.49
0.28
0.55
0.34
0.35
0.52
0.57
0.37
1.01
1.5
0.47
0.32

34
0.7

53
12
12
21
31
37
34
33
55
13
13
33
14
32
19
13
17
45
15
15
36
52
49
35
44
16
55
15
43
16
17
17
19
18
40
56
30
32
28
40
30
24
48
33

45
43
57
33
45
51

24
37
22
21
43
47
20
59

1.9
1.2
0.3

1.6
2.4

1.9
1.2

2.0
0.7

2.6

0.3
1.7
1.7
0.8
0.8

0.6
2.7
Q.5

0.8

0.4

0.9

0.9

345.0-167.8
345.O-168.4
52]..2-345.0
175.4-0.0

168.4-0.0
167.8-0.0
521.2-355.7
168.4-4. 8

167.8-4.8

502.3-345.0
324.0-167.8

9S3.6-804.7
324.0-175.4

315.3-167.8

315.3-168.4

470.4-324.0
209.0-65.8
209.0-69.7
306.8-167.8
306.8-168.4

302.6-167.8
302.6-16S.4
445.7-315.3

521.2-395.6
470.4-345.0

822.8-703.3

415.7-302.6

632.1-521.2
175.4-65.8

521.2-415.7
104.8-0.0

(1)
6
6

1

2
(1}
5

5

(1}
1

5

(1)
5

5

(1)
(1)
(1)

1

4
(1)
4
2
4

4

3
{1)
(1)
3
4
3

{1)
2
3
1

1

3
(1)

(I)

(1}
1

3

(1)
(1)
3
2

M 1+E2
(E 1)

M 1+E2
E1

M1+E2

(E])

E2(+M1)
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{gE )

(keV) z,b
I„'

(y/1000 n)

TABLE II. (Continued) .

Assi~~ent
Eg(keV)-Ef (keV) Comment

103.019{6)
102.572(5)
101.933(2)
100.019(2)
98.705(3)
98.059(4)
98.008(13)
93.383(5}
92.978(5)
89.191(9)
85.991(9)
83.613(12)
81.798(5)
81.572(3)
76.222(3)
74.999{8)
74.955(7)
74.465(7)
74.391(6)
70.707(3)
69.710(2)
69.350(9)
68.006(6)
65.894(6)
65.839(2)
65.249(5)
65.130(5)
64.887(1)
62.925(3)
61.583(5)
61.270{4)
60.862(3)
58.469(4)
57.607(5)
56.631(4)
56.333{5)
56.172(3)
56.113(4)
55.657(4)
54.814(5)
46.819(1)
46.587(2)
46.545{3)

04

1.2
0.9
1.0
1.9

0.41

0.39
18
23
0.93
4.3
0.65
1.1
0.50
0.7
0.8
0.7
1.3
5.1

2.5
0.9
1.1
1.2
1.3
2.1

5.4
1.3
1.2
1.5

18
1.3
1.5

17
2.8
14
1.5
2.1

1.8
1.4
1.6
1.7
2.5
1.6
1.6
1.4
2.8
2.9
2.9

33

42
20
20
23
21
46
29
37
47
45
57
33
23
25
60
47
47
42
32
25
57
51
49
22
51
44
22
33
51
48
38
46
54
47
54
43
50
57
58
20
21
21

0.4
0.22
0.8
0.5

168.4-65.8
167.8-65.8
104.8-4.8
168.4-69.7
167.8-69.7
920.8-822. 8

395.6-302.6

167.8-91.5

355.7-285.0
69.7-0.0

1017.3-951.4
65.8-0.0

69.7-4.8

167.8-104.8

(1)

3
1

(1)
(1)
(1)

1

1

2
(1)
(1)
(1)

1

(1)
(1)

1

(1)
(1)

1

(1)
(1)

1

1

1

1

1

1

(1)
1

1

1

E1{+M2)
M 1(+E2)
(M1,E2)
(E1)

(E2)

M 1+E2

M1+E2

M 1+E2

E2(+M 1)

'A calibration error of 0.03% in the energy has to be added to the errors quoted.
bBirge ratios 8 for energy and intensity averages are included as a consistency test.
'Intensities of transitions of interfering isotopes are not given because these are not constant throughout the measurement.
A systematic error of 12% has to be added to obtain absolute intensities.

'The multiplicity X„designates the total number of independent measurements of a given transition. Birge ratios are not calculated if
the multiplicity is less than three.
Multipolarities are derived from electron conversion coefficients (Table VI and Ref. 2), and from angular correlation measurements
(Refs. 3—5).

&=en&otrtttrtk'~(trt4' at+ ~t»— (9)

where No stands for the initial number of ' Sm nuclei, A, t
for the P-decay constant of ' 'Sm, cro and o, for the
thermal neutron capture cross section in ' Sm and ' 'Sm,
respectively, P for the thermal neutron flux, rt for the

number of photons emitted per captured neutron, and e
for the probability of detection per photon emitted. For y
lines observed in no more than one diffraction order, one
has to rely exclusively on comparison with the well-
known ' Sm decay properties.

The weakest transitions are usually observed in but one
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diffraction order. Some of these may not be clearly dis-
tinguishable from background fluctuations. Parentheses
in the seventh column of Table II indicate that the corre-
sponding transition is, in this sense, somewhat question-
able. The multiplicity Nr in this column is defined as the
number of observations of a given y transition. Some of
the multipolarities reported are based on conversion coef-
ficients derived from the complementary (n, e ) measure-
ments of Sec. IIC. Some result from a reevaluation of
the conversion coefficients of Ref. 2, using the present,
more reliable y intensities and a calibration per level
against the e intensities after P decay of 's'Pm. The
remaining multipolarities are taken from angular correla-
tion experiments.

Argonne beni-crystal speetr ometer measurements

TABLE III. New lines found in the special high-sensitivity
runs performed with the Argonne bent-crystal spectrometer.

25.71
35.13
39.01
61.01
63.58

145.459
376.036'
382.780'

(keV)

0.01
0.01
0.01
0.005
0.005
0.015

6.6
0.39
0.036
0.102
0.153
0.30
0.30
0.23

LU~/Iq
(%)

10

30
25
20
20
30
30

Assignment

91.6—65.8

104.8—69.7
104.8 —65.8

65.8—4.8
168.4—104.8
313.9—168.4
445.7—69.7
448.6—65.8

'The position of the line was fixed at this energy during the fit-
ting proves. The energy values come from the level energy
differences in the final level scheme.

The low-energy (n, y) spectrum was measured with the
7.7 m Argonne bent-crystal spectrometer. The neu-
tron flux at the in-pile sample position was 3)&10'
cm sec '. Three different samples were used to identify

y rays from ' Sm(n, y)' Sm (Ref. 31), ' Sm(n, y)'~sSm
(Ref. 34), and ' Sm(n, y)' 'Sm (the one used primarily in
this publication). All samples were Sm203. The ' Sm
sample was enriched to 95.48 at. % and had the same iso-
topic abundance as the average resonance neutron capture
(ARC) sample (see Sec. IIB). This sample consisted of
112 mg of Smi03 packed into a cavity in a Mg (85%)—Al
(15%) holder which constrained the sample to a volume 7
cm high, 1 cm deep, and 0.014 cm wide forming a narrow
line source for the bent-crystal spectrometer. The mea-
surements covered the range from 20 keV to 1.4 MeV.
The energies and intensities obtained from the Argonne
data are consistent with the Risg data given in Table II
for all the strong to medium strength transitions, but the
sensitivity of the Argonne data was 3—5 times higher for

weak lines below 500 keV. This high sensitivity data was
used to verify the existence of weak lines in the Risis data,
eliminating those that were only statistical fluctuations in
the background and improving the accuracy of the inten-
sities of the weak lines that were found to be real. The
Argonne spectrometer was also used to search for weak
lines of special theoretical importance. The approach
used in this search was to automatically cycle the spec-
trometer so that it alternately passed over the energy re-
gion of interest and a nearby calibration line. The calibra-
tion line was used to monitor both the energy and intensi-
ty stability of the spectrometer as a function of time and
correct the individual passes over the region of interest be-
fore they were summed. This autocycling was continued
until either the line was identified and a value for its in-
tensity was obtained or a sufficiently low upper limit was
set on its intensity to give a meaningful interpretation to
its absence. Tables III and IV summarize the results of

TABLE IV. Reference lines used to calibrate the energies and intensities of the new y rays in the
special high-sensitivity runs made with the Argonne beat-crystal spectrometer (see Table III).

E„
(keV)

Energy
22.7065
28.309
35.843
39.5224
40.1181
40.8920
41.5421

(keV)

calibration only
0.0005
0.005
0.005
0.0006
0.0006
0.0006
0.0006

I„
(y/1000 n)

M'„/I
(%) Assignment

Sm j:-MIII x ray, second order
"2Sm(n, y)'53Sm line
'"Sm(n, y)'"Sm line
Sm E-LII x ray, first order
Sm E-LIII x ray, first order
Sm K-LII x ray, first order
Sm K-LIII x ray, first order

62.924
64.883
65.833
69.710

100.023
101.938
104.848
147.546
309.052

Energy
0.005
0.003
0.003
0.005
0.005
0.005
0.005
0.008
0.015

and intensity calibration
2.1

13.4
13.0
4.7

3a.9
23.0
44.7
63.5
25.8

Primary standard
Primary standard
Primary standard

from "Sm(n, y)"'Sm lines
9
8
8
9
5

5
5
5
5
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consisted of 4 g of Smz03 that was enriched in ' Sm to
95.48+0. 10 at. % The other isotopes of Sm were present
with the following abundance (at. l): ' Sm, 0.05+0.02;

Sm, 0.39+9.03; ' Sm, 0.47+0.03; ' Sm, 1.70+0.05;
Sm, 1.46+0.05; and ' Sm, 0.45+0.04. The sample

was surrounded by 3.2 mm of ' B and positioned in the
center of a through tube near the core of the reactor where
the fast flux was relatively high. The ' B shield absorbed
virtually all of the incident neutrons with energies below
100 eV. This limited the effective range of neutron ener-
gies contributing to the average resonance capture spec-
trum to the region from 100 eV to 4 keV, with most of
the S-wave capture strength concentrated below 2 keV.
Part of the ARC y-ray spectrum is shown in Fig. 4. The
peaks associated with the average resonance capture reac-
tion ' Sm(n, y)' 'Sm are labeled with the spin, parity,
and energy of the level (in keV) to which the y ray decays.
The assignment of gamma transitions to the
I~Sm(n, y)'sISm reaction was made by comparing the
data with similar ARC data for the ' Sm(n, y)' sSm,

Sm(n, y)' Sm, ' Sm(n, y)' Sm, ' Sm(n, y)' Sm,
Sm(n, y)' Sm, and ' Sm(n, y)' Sm reactions. The

strong lines from capture in the other Sm isotopes show
up weakly in the ' 'Sm data. Their relative intensities are
down by about the ratio of their relative abundance. The
arrows labeled "A" and "8"are examples of ARC lines

from other Sm isotopes. The line labeled "8" is one of
the strongest of these "other isotope" lines. It is generated

by the ' Sm(n, y)' Sm reaction and has an intensity that
is similar to that of the weakest group from the

Sm(n, y)' 'Sm reaction. The weak lines assigned to
Sm(n, y)' 'Sm appar only in the ' 'Sm data. Most of

these special searches. The high seiisitivity of the Ar-
gonne spectrometer is due to the very large qTsartz crystal
(30 cm X 30 cm) used in the diffraction process and a spe-
cial precollimator positioned between the bent crystal and
the source in the reactor. This precollimator shielded the
spectrometer from the r~s.tor environment and made it
possible to remove all matenal sluelds between the spec-
trometer and the source (except for a small amount of
Li) without materially increasing the background. This

decrease of the in-beam material was particularly impor-
tant for the observation of the very low energy lines and
made it possible to make memiingful measurements down
to 20 kcV.

B. Average resonance neutron capture measurcanents

The average resonance neutron capture measurements
were performed at the Argonne National Laboratory.
The basic approach is to average the neutron capture y
spectrum over many neutron resonances. This averaging
reduces the strong Porter-Thomas fluctuations in the in-
tensities of the primary y rays normally associated with
neutron capture in single resonances. %hen the averaging
is done over a sufficient number of resonances the pri-
mary y-ray intensities are grouped corresponding to their
multipolarity and to the population systematics of the
capture states. This group structure can then be used to
set limits on the spin and parity of the energy levels to
which these transitions decay.

The Argonne in-pile (n, y) facility at the CP-5 research
reactor was used to measure the strength of the primary y
rays following average resonance neutron capture (ARC)
in the I~Sm(n, y)ISISm reaCtiOn. The Capturing Satnple
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FIG. 4. part of the ARC y-ray spectrmn obtained from the ' Sm(n, y)"'Sm reaction. The labels on the peaks give the spin, pari-

ty, and energy of the level to which the associated y rays decay. These values are taken from Table V. The arrows labeled "~"and
"8"indicate typical ARC lines from other isotopes of Sm.
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FIG. 5. Plot of the normalized ARC y-ray intensities versus
y-ray energy. The fiHed circles, filled squares, and open circles
are associated with the following intensity groups: s-wave cap-
ture followed by E1 radiation, s-wave capture followed by M1
radiation, and p-wave capture foHowed by E1 radiation„respec-
tively. The horizontal bars with downward pointing arrows are
upper limits on transitions to the other known levels.

the background lines appear with about the same intensity
in all of the ARC spectra. S-wave capture in the 0+
ground state of ' Sm will always result in a —, capture

1+

state. Thus primary E1 transitions wiO be transitions to
and —, states and apped' as the strongest lines

in Fig. 4 while M 1 transitions from the —' capture state
will be associated with transitions to —,

'
and —', states

and appear as the second strongest group of lines. The
energies and relative intensities of these primary y-ray
transitions are calibrated with the ' N(n, y)' N spectrum.
This spectrum was obtained by adding a small amount of
nitrogen gas to the He atmosphere that surrounds the in-
pile sample.

The results are summarized in Table V. The first
column is the energy of the primary y ray, Ey, obtained
from the ARC data. These energies are corrected for the
average energy of the captured neutron (see later discus-
sion). The second column gives the error in this ARC
gamma energy. The third column is the relative intensity
of the y ray and is followed (fourth column) by its error
in percent. The fifth column is the normalized intensity,
defined as the relative intensity multiplied by the ratio of
(Eo lE& ) where Eo is the neutron binding energy
(5596.46 keV). This normalization is neceisary to remove
the energy dependence from the relative gamma strengths.
After this normalization all of the E 1 transitions to the

and —, states should have about the same normalized
intensity and the M 1 transitions to the —,

' and —', states
should have a consistently lower normalized intensity.

A plot of these normalized y-ray intensities versus
y-ray energy appears in Fig. 5. Note how well the E 1

transitions to —,
'

and —', states separate from the M 1

transitions to the —,
' and —', states. The lowest intensity

group in Fig. 5 corresponds to either s-wave capture fol-
lowed by E2 transitions to —', states or P-wave capture
followed by E 1 transitions to z states. Most of the in-

tensity in these transitions is believed to result from
p-wave capture rather than s-wave capture. This fact is
deduced from analysis of the line shapes of the three dif-
ferent intensity groups. The line shape of the P-wave
group is much wider and its centroid is shifted farther up
in energy than it is for the line shapes of the lines in the
other two groups. This occurs because the p-wave capture
process has a neutron energy distribution that is wider and
extends higher in neutron energy than the s-wave capture
distribution. This quite different line shape is shown in
the insert in Fig. 4 where the region near the line associat-
ed with transitions to the —,

'
level at 167.46 keV is shown

in an expanded view. This shape is typical of the lines as-
sociated with p-wave neutron capture (see later discus-
sion). The line shape of the "S-Ml" group is slightly
wider than the "S-El" group. This suggests that the
S-Ml transitions contain a p-wave component. This is
expected, and, based on the population systematics of the
capture states, 3 this component should be approximately
equal to the intensity of the "P-El" group. The mul-
tipole assignments obtained from these normalized rela-
tive intensities are given in the sixth column. The level
energies deduced from the ARC gamma energies appear
in the seventh column. In some cases only upper limits
are given for gamma intensities where no primary transi-
tion was observed. In these cases the gamma energy is
calculated using the energy level spacings in the final level
scheme. The upper limits are plotted in Fig. 5 as horizon-
tal bars with downward pointing arrows. These upper
limits help confirm the higher spin assignment made for
the associated levels based on other information. At the
lower gamma energies the E 1 and M1 intensity groups
tend to merge so that it is sometimes harder to tell in
which group to place a particular transition. In some
cases it is possible to use the line shape to help make the
assignment. When this was done it is noted in the "Re-
marks" coluuMi.

The small energy shifts associated with the average en-

ergy of the captured neutrons were removed from the
ARC y-ray energies given in the first column of Table V.
This was done by first fitting the lines in each group with
a standard line shape appropriate for each group and then
subtracting the average energy shift for each group from
the centroid energy. The average shifts (relative to
thermal capture) for the groups S-E1, S-M1, and P-El
a&ere 0.22, 0.53, and 1.84 keV, respectively. The relative
intensities quoted in Table V (third column) also come
from this fit with standard line shapes and reflect the
peak height of the fitted shape for each line. To obtain
relative areas under each peak one should multiply the rel-
ative intensities of the S-M 1 and P-El groups by 1.18
and 1.67, respectively.

C. Measurement of the '~ Sm(nti„e )' 'Sm reaction

The conversion electron spectrum of the reaction
Sm(n, b, e )' 'Sm has been measured with the double-
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focusing magnetic electron spectrometer at the FRM reac-
tor in Munich. The target material was the same
used before for the bent-crystal spectrometer measure-
ments at Ris@. Therefore, the ' Sm contamination had
been burnt up because of the high neutron capture cross
section. The target was fabricated by electrospraying of
0.2 mg jcm Sm203 on an 80X 10 mm Al foil. The spec-
trum was scanned repeatedly from 1 to 400 keV. Elec-
trons up to 50 keV were preaccelerated by a —12 kV bias
at the target. The momentum resolution was 0.4% at 200
keV. The results are shown in Table VI together with the
theoretical conversion coefficients of Ref. 40.

The energies were calibrated with the precise bent-
crystal spectrometer values. The L-subshell ratio of the
100.02 keV transition was used to determine the multipo-
larity of this line to be M 1. The theoretical E-conversion
coefficient of this line served to relate the conversion elec-
tron intensities to the y intensities. Experimental conver-
sion coefficients and deduced multipolarities are given
also in Table VI.

rII. I.EVar. SCHaam OF "'Sm

A. Generalities

CV
OOQ Q 0 88 qoc5 c

O Q
OO
Oo

Based on the (n, y) results reported in the previous sec-
tion, a level scheme for ' 'Sm has been established. This
level scheme, and the details of the y transitions connect-
ing individual levels, are presented partially in Fig. 6 and
completely in Table VII. In Fig. 6 each level is character-
ized by its excitation energy (in keV) and its assignment
for spin and parity. The shaded and unshaded width of a
line representing a transition is related, respectively, to its
measured y intensity and its conversion electron intensity.
Primary transitions feeding the low-energy levels are clas-
sified according to their E 1, M 1, or E2 character. A
dashed line indicates an uncertain placement in the level
scheme. Each transition in the scheme is furthermore
identified by its energy (in keV). The arrangement of the
data in Table VII is self-explanatory.

The approximate locations of many of the levels
presented in this paper have been suggested by the pri-
mary transitions observed in the average resonance neu-
tron capture experiment of Sec. II 8, or by previously pub-
lished measurements. ' ' These levels have been con-
firmed independently by using the crystal diffraction data
of Sec. IIA. This is done by the application of the Ritz
combination principle. After an extensive search pro-
cedure, several new levels have been proposed. Up to a
certain point, this can be done with sufficient confidence,
owing to the superior precision of the transition energies
measured by crystal diffraction. However, the Ritz com-
bination principle clearly loses its usefulness above -900
keV. It breaks down because of an excessive number of
accidental combinations. A number of possible additional
levels are listed in Table VIII. These have been suggested
by primary (n, y) transitions, and, in a few cases, by p de-
cay'0 or (d,p) measurements. However, the diffraction
data cannot provide conclusive evidence for their ex-
istence due to interference from accidental combinations.
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FIG. 6. Leve1 scheme of '5'Sm up to 360 keV as deduced from (n,y) measurements reported in this paper. Level energies (keV)
and I assignments are given on the left and the right, respectively. Shaded and unshaded width of transitions indicate y intensity
and e intensity, respectively. Adashedlineforatransitionmeansthatitsplacementintheschemeisuncertain. Primarytransitions
from average resonance neutron capture are drawn with different widths according to their multipole character.

Precise level energies are obtained from a least-squares
calculation, minimizing the sum of squares of deviations
between y-transition energies and corresponding level en-

ergy differences. The resulting level energies and their er-
rors are listed in Table IX. In the same sense as discussed
in Sec. II A, the consistency of the level energies can be
checked by evaluating the Birge ratio for each level. One
verifies that the values of the Birge ratio for the levels
contained in Table IX are distributed around an average
of 0.96 with a standard deviation of 0.18, which indeed
testifies to an overall consistency. The consistency for in-

dividual levels can be checked by application of the F test
to the variance ratio.

Concerning the assignment of J values to the levels,
we have most heavily relied on multipolarities of primary
transitions from (n, y) reactions (Sec. IIB) and low-

energy cascade transitions (Table VII), and on /-transfer
values in (d,p) reactions. In addition, weaker arguments
such as logft values from p decay, '0 selection rules involv-

ing asymptotic quantum numbers, and the decay pattern
of a level are invoked as corroborative evidence or used to
limit possible J values.

There are no serious discrepancies in the level structure
below 600 keV based on (n, y) data in comparison with
that resulting from p decay proposed in Ref. 10. Howev-
er, many complex lines occurring in the singles spectra of
the latter work cauld only be unravelled by Ge(Li)-Ge(Li)
coincidences, whereas these structures are clearly resolved
in the crystal diffraction spectra. This is incisively illus-
trated by considering the line around 237 keV in the sin-
gles spectra. To explain the presence of all coincident
lines one has to assume the existence of four transitions
contained in the 237 keV structure. These correspond to
the following four diffraction lines which are uniquely fit-
ted in the level scheme at those locations consistent with

the coincidences: 236.711 keV (445.75~209.03); 236.197
keV (521.18-+284.98); 236.808 keV (302.65-+65.84); and
237.105 keV (306.82~69.71). Moreover, a fifth and pre-
viously unobserved transition of 236 421 keV
(632.06~395.62) has been found to belong to this multi-

plet as well (Table VII). It has been instructive to make a
detailed comparison between the branching ratias of tran-
sitions deexciting from a particular level in both the (n, y)
and the p-decay work. Discrepancies often result from
the difficulty in the Ge(Li) spectra to accurately divide
the intensity between composing lines in a multiplet.
Sometimes, transitions in one experiment or the other fall
below the limit of sensitivity. An estimate of their inten-

sity can then be made from the branching ratio of the cor-
responding transitions in the other measurement. This
has helped to explain why some transitions are unob-
served. It should be noted that above 600 keV the level

schemes derived from (n, y) and P decay diverge consider-
ably.

S. Discussion of individual levels

In this subsection the characteristics of the most impor-
tant levels of ' 'Sm will be discussed for each level indi-
vidually. First, it will be indicated how a particular level

has been located in the level scheme. Then, the arguments
for its spin-parity assignment will be presented. In order
to avoid duplication of arguments, we refer the reader to
previous work on the p decay to levels of ' 'Sm (Ref. 10)
and single-particle transfer reactions far well-established
levels and their spin-parity assignments, especially those
at low energy.

Thegroundstate (J = ~ ) and the 4.82keV(J = ~ ) level

The ground state spin of ' 'Sm has been measured by
electron paramagnetic resonance" and was found to be
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TABLE VII. Summary of proposed levels in "'Sm and their deexciting y transitions. See also footnotes to Table II. Birge ratios
and multiplicity are not given in this table.

(keV)

65.839

(keV)
E„(aE&)

(keV)

65.839(2)

Iq
(y/1000 n)

crI„
(%) Comment

69.712 5
2 0.000 69.710(2)

64.887(1)

5.4 M 1+E2
M1+E2

104.845

167.773

3
2 0.000

4.824

65.839

69.712

91.550

104.845

7
2

5
2

9 +
2

3
2

104.851(5)

100.019{2)

167.772(3)

162.950(3)

101.933(2)

98.059(4)

76.223(3)

62.925(3)

34

23

18

4.3

2.5

20

20

13

13

20

33

M1+E2
M1(+E2)

(E1)
E1(+M2)
(E1)
(E2)

168.419 0.000

65.839

69.712

3
2

7
2

168.419(3)

163.599(3)

102.572(5)

98.704(2)

13.8

21.7

0.39

0.93

13

41

23

M1+E2
M1+E2

(M1,E2)

175.411 9
2 0.000

65.839

5
2

7
2

175.407(15)

109.572(3)

0.19

1.5

29

21

209.028 7
2 0.000

4.824

65.839

69.712

3
2

5
2

209.031(5)

204.207(3)

143.187(3)

139.314(3)

8.8

0.65

1.19

2.9

10

M1(+E2)
(E2)
M1+E2
M1+E2

284.976

4.824

69.712

104.845

5
2 284.972{11)

280.151(3)

215.264(4)

180.129(3)

0.32

43

1.74

1.62

10

12

0.000

65.839 7
2

294.850(7}

229.019(4)

0.46

302.6SO
7
2 0.000

4.824

65.839

69.712

91.550

104.845

167.773

168.419

7
2

302.609(23)

297.823(5)

236.808(3)

232.943(3)

211.111(10}

197.806(8)

134.879(7}

134.222(8 }

0.8

4.1

1.64

0.19

0.19

32



306.818

313.854

31S.320

323.988

344.958

355.678

395.625

1

2

3+
2

7+
2

5 +
2
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TABLE VII. ( Continued).

306.827(5)

301.994(8)

241.04(7)

237.105(3)

201.972(3 )

139.042(3)

138.395(4)

4.03

4.824 0.73

65.839

69.712

104.845

167.773

168.419

0.15

10.2
3
2

5+
2

16.6

0.93

5
2 313.93(3)

309.038(5)

244.128(8)

0.210.000

4.824 26.2
5
269.712 0.39

0.000 315.343(8)

310.502(6)

249.473(6)

245.608(4)

210.485(9)

147.546(2)

146.902(2)

1.01
3
3 3.484.824

0.3665.839

69.712

104.84S

167.773

168.419

1.01
3
2

5+
2

0.31

50

1.60

323.984(5)

258.154(4)

254.270(6)

232.439(3)

156.214(4)

148.586(16)

344.955(7)

340.141(5)

275.243(5)

240.111(3)

177,185{2)

176.540(3)

350.854(5)

250.832(3)

187.904(2)

7O.7O6(3)

0.000

65.839

69.712

91.550

167.773

175.411

3.18

1.60
5

2

9 +
2

5 +
2

0.43

3.04

0.47

0.23

0.000 1.72

4.824 20.2

69.712

104.845

167.773

168.419

7.0
3
2

5+
2

3.98

44
5
2 1.02

4.824 6.4
3
2

5+
2

104.845

167.773

284.976

15.3

4.3

2.1

5
2 395.75{7)

390.79(4)

329.785(6)

325.906(8)

290.775(4)

0.270.000

4.824 0.23

65.839

69.712

104.845

1.24

0.82

5R2

10

10

19

20

13

12

15

15

35

32

34

20

(M2)P

E 1(+M2)

E2(+M 1)

E 1(+M2)

E1(+M2)

M 1+E2

E1(+M2)

E1(+M2)

E 1(+M2)

M1+E2
(El)

E 1(+M2)

E 1(+M2)
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E-
(keV) (keV}

TABLE VII. ( Continued).

(gE )

(keV)
Iy

(y/1000 n} Comment

395.625 167.773

168.419

209.028

302.650

5 +
2

5

2

227.850(6)

227.206(4)

186.595(2)

92.978(5)

0.39

2.27

1.19

0.49 36

(M1,E2)

(E1)

415.689 ( ——)
5 7 0.000

4.824

65.839

69.712

104.845

167.773

168.419

209.028

302.650

7
2

3
2

5+
2

7
2

41S.715(29)

410.865( 12)

349.856(6)

345.976(10)

310.853(7)

247.911(4)

247.263{4)

206.669{5)

113.040{3)

2.20

4.6

0.83

1.59

0.87

1.10

1.17

0.56

12

23

M1+E2

445.747 0.000

4.824

6S.839

91.550

104.845

167.773

168.419

209.028

315.320

5
2

3
2

7
2

9 +
2

3
2

5 +
2

5
2

7
2

3—+
2

445.758(9)

440.942(11)

379.917(8)

354.14(5)

340.86(4)

277.99(4)

277.29(5)

236.711(10)

130.426{5)

11.4

3.2

2.09

0.51

0.22

0.17

0.40

0.32

37

22

E1(+M2)
E1(+M2)
E1(+M2)

(E2)

(E1)

448.624 0.000

4.824

69.712

104.845

167.773

168.419

5
2

3
2

5 +
2

5
2

448.613(9)

443.809(13)

378.912(6)

343.788(16)

280.851(8)

280.210(11)

10.4

8.7

3.14

0,32

O.SS

2.1

10

34

470.442 0.000

65.839

69.712

167.773

209.028

323.988

344.958

5
2

5 +
2

470.471(14)

404.617(9)

400.738( 15)

302.666(6)

261.416(5)

146.453(3)

125.485(8)

2.40

5.62

0.93

1.76

1.03

0.71

0.31

490.426 0.000

65.839

69.712

490.36(4)

424.637(30)

420.73(6)

0.64

0.89

0.46
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E.
(keV) (keV}

TABLE VII. ( Continued).

Ey (oEy)
(keV)

Iy
(y/1000 n) Comment

490.426

502.324

521.177

620.568

632.061

3 +
2

5
2

5 +
2

91.550

104.845

168.419

175.411

294.857

104.845

167.773

306.818

313.854

315.320

344.958

0.000

4.824

69.712

167.773

168.419

284.976

313.854

315.320

344.958

355.678

395.625

415.689

0.000

65.839

69.712

168.419

209.028

344.958

0.000

69.712

167.773

209.028

306.818

323.988

355.678

395.625

415.689

448.624

521.177

3
2

5
2

9
2

3
2

3
2

5 +
2

3+
2

1

2

3—+
2

3+
2

5
2

3
2

5
2

5+
2

5

2

(- —)
1 3
272

1

2
3—+
2

3+
2

1 +
2
5+
2

( ——)
5 7

5
2

7
2

3+
2

5
2

5 +
2

7
2

3 +
2
7+
2
1+
2

5+
2

( ——)
5 7

3
2

3 +
2

398.87(6)

385.59(5)

322.016(10)

315.004(17)

195.559(17)

497.488(13)

397.45(8)

334.554(7)

195.500(4)

188.471(2)

187.006(2)

157.371(5)

521.21(6)

516.364(17)

451.467(9)

353.396(6)

352.74(4)

236.197(3)

207.342(10)

205.868(5)

176.225(8)

165.501(11)

125.548(4)

105.492{6)

620.562(24)

554.76(6)

550.86{3)
452.161(18)

411.50(5 }

275.601(21}

632.07(5 }

562.30(20)

464.29(3)

423.038(18)

325.242{8)

308.083(9)

276.347(24)

236.421(17)

216.31(9)

183.437(4)

110.885(3)

0.29

0.66

6.53

0.19

1.10

0.60

3.6

1.99

0.85

5.22

7.6

2.47

0.17

2.53

0.18

0.25

0.20

0.14

0.47

0.32

5.66

1.10

1.22

1.53

0.24

0.27

2.13

0.41

0.91

0.84

0.88

0.48

0.19

0.23

0.20

0.34

13

53

39

22

13

33

23

21

35

20

E1(+M2)
M1+E2
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(keV}

663.052 3 +
2

(keV)

4.824

69.712

104.845

167.773

168.419

284.976

306.818

313.854

315.320

355.678

395.625

415.689

445.747

470.442

5
2

3
2

5+
2

5
2

(-, , —, )
1 3

3+
2

1

2
3—+
2

+
2

5+
2

(-, , —, )
5 7

5+
2

5
2

TABLE VH ( Continued)

E, (~E, )

(keV}

658.16(9)

593.47(9)

558.15(6)

495.246(17)

494.59(14)

378.066(9)

356.20(4 }

349.198(6)

347.734(10)

307.378(6)

267.407(11)

247.365(14)

217.309(4)

192.611(4)

I
{y/1000 n)

1.39

0.67

1.33

3.26

0.47

1.50

0.17

3.23

0.73

0.21

0.22

1.07

1.92

o.I&

(%)

14

20

10

10

Comment

5'Sm(+»4Cd)

663.587 (- —)
5 7 0.000

65.839

294.857

302.650

7
2

9
2

663.64(13)

597.81(12)

368.67(6)

360.95(4)

0.95

1.7

0.15

0.24

23

39

20

703.272 0.000

4.824

65.839

167.773

168.419

306.818

315.320

355.678

395.625

445.747

448.624

5
2

7
2

5 +
2

5
2

3+
2

3—+
2
1+
2
5+
2

S+
2

3
2

703.34(17)

698.51(9}

637.39(21)

535.513(28}

534.85(7)

396.47(4)

387.89(3}

347.598(8)

307.66(4)

257.523(6)

254.645(14)

1.3

1.89

0.64

2.50

0.79

0.30

1.59

0.31

0.19

12

39

18

22

15

721.955

741.181

( ——)
1 3
272

306.818

313.854

315.320

355.678

448.624

521.177

4.824

69.712

104.845

3
2

3+
2

1

2
+

2

] +
2

3
2

3+
2

717.11(4)

414.93(21)

408.07(17)

406.644(14)

366.275(8)

273.333(8)

200.776(7)

736.24(12)

671.43(4)

636.317(25)

5.7

1.32

1.72

0.31

0.19

7.0

7.3

47

38

13 151Sm( + 152Sm)
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(keV)

TABLE VII. (Continued).

E& (0E&)
(keV)

I~
(y/1000 n}

741.181

754.793

774.009

( ——)
5 7

313.8S4

344.958

445.747

470.442

209.028

294.857

315.320

323.988

395.625

490.426

69.712

104.845

175.411

294,857

302.650

306.818

415.689

1

2

3+
2

5+
2

5
2

9
2
3—+
2

+
2

5 +
2

3
2

9
2

9
2

7
2

3 +
2

(2 2)
5 7

427.25(4)

396.06(13)

295.53(10)

270.748(11)

545.93(11)

459.80(12)

439.466(12)

430.S9(12)

359.21(6)

264.41(4)

704.29(6)

669.23{5)

598.73(9)

479.52(21)

471.33{9}

466.88(25)

358.317(10)

0.40

0.36

0.14

0.41

0.89

1.6

0.20

0.18

0.15

3.4

2.81

1.6

0.47

0.41

0.32

0.78

45

30

74

37

37

804.721 65.S39

104.845

167.773

209.028

284.976

313.854

344.958

445.747

7
2

3
2

5+
2

7
2

( ——)
1 3
272

1

2

3+
2

5 +
2

739.02(21)

699.77(10)

636.71(17)

595.71(11)

519.65(5)

490.77( 19)

459.80(12)

358.995(23)

1.5

1.54

1.8

0.74

0.55

0.30

0.89

0.21

21

22

821.986 (2 T)3 5 0.000

4.824

69.712

104.845

209.028

284.976

313.854

344.958

445.747

3
2

3
2

7
2

( ——)
1 3

1

2

3+
2

5+
2

822.0(6)

817.1(3)

752.42(12)

717.11(4)

612.93(15)
536.82(12)

S08.2S(25)

477.18(22)

376.27(4)

2.6

1.5

2.9

5.7

1.3
0.50

1.0

36

46

31

25

38

3S

(——)—3 5 + 69.712

104.845

344.958

415.689

445.747

5
2

3
2
3+
2

(2, 2)
5 7

5+
2

752.96(14)

717.90(4)

477.94( 13)

407.08(5)

376.998(10)

7.3

0.34

0.30

0.79

18
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TABLE VII. (Continued).

El
(keV) (kcV)

E„(oE~)
(keV)

I~
(y/1000 n} Comment

822.752 703.272 119.480{5) 0.55 33

920.772 {——)-1 3 +
2~ 2 284.976

355.67S

448.624

502.324

822.752

( ——)
1 3
2& 2
]+
2

3
2

]+
2

( ——)-3 5 +
2&2

635.83(10)

565.121(28)

472.29(8)

418.48(5)

98.008(13)

3.3

2.36

0.63

0.47

0.64

21

46

3
2 0.000

65.839

167.773

302.650

313.854

344.958

355.678

395.625

445.747

521.177

5
2

7
2

5+
2

7
2

]
2

3+
2

]+
2
5+
2

5 +
2

3+
2

951.28{15)

885.97(23)

783.57{8)

648.78(6)

637.39(21)

606.56(6)

595.71(11)

555.84(11)

505.70(6)

430.22(11)

7.0

3.0

4.0

0.92

0.64

1.51

0.74

0.72

2.3

0.24

10

39

27

47

43

E 1(+M2)

953.575
3+
2 4.824

104.845

168.419

804.721

3
2

3
2

5
2

948.73(22)

848.81(14)

785.23( 14)

148.853(13)

5.1

3.4

1.9

0.17

E 1(+M2)

E1(+M2)

E1(+M2)

960.4S4 168,419

445.747

632,061

5
2

5+
2

5 +
2

792.08(13)

514.786(29)

328.383(26)

2.0

2.47

0.6

21

10

53

1017.296 344.958

355.678

415.689

448.624

620.568

741.181

951.404

3 +
2

] +
2

(-, , 2)
5 7

672.52(12)

661.75(14)

601.46(15)

568.55{8)

396.?5(13)

276.104(17)

65.894(6)

2.22

0.91

0.90

0,32

0.50

1.5

25

32

49

%e have reevaluated the multipolarity of the
ground state transition from the first excited state at 4.82
keV to be M 1+(0.5+0.2) %%uo E2. This is derived from a
measurement of internal conversion M-subshell ratios by
Geiger et al. ' The E2 admixture is enhanced by a factor
of 10 compared to Geiger's original derivation because of
the present availability of improved tables of conversion
coefficients. In any case, the ground state must have the

same parity as the 4.&2 keV state. The latter state is fed
by an E 1 transition in average resonance capture (Table
V). One therefore concludes that J~ (4.82 keV) = —,

'
and

J (g.s.)= —,
' . This also explains why no ground state

transition is observed in (n, y). The same conclusions can
be drawn from angular distribution measurements in (d, t),
( He, a), (t,p), and (p,t) reactions to levels of '5'Sm (Refs.
8 and 13).
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TABLE VIII. Additional levels of "'Sm suggested by (n, y), P decay, and (d,p) measurements. The

evidence from (n~, y) measurements is not conclusive because of interference from accidental combina-

tions. Level energies derived from Ritz combinations are listed vrith an appropriate qualification

describing their likelihood of not being spurious.

E (keV)
(d p)b (nth, y), bent crystal

357.98(M 1)
505.28( E2)
673.12(E 1)

770,46( E 1)

791.93(E2)
836.17(E2)
844.45( E 1)

869.82( E2)
877.13(E2)

898.38( M 1)
937.00( E2)
955.50( E 1)
964.90(E2)

1020.74( E 1)
1077.57( E 1)
1087.78( E 1)
1115.79(M 1)
1139.89(M 1)
1193.86(E 1)
1205.65( M 1)
1211.60(E 1)
1220.00(E 1)

777.4

851.6

877.54
887.35
888.9

953.41
964.15

672
713
767

832
846

875

1020
1080

1210

357.923(26)
505.030(10)
672.815(6)
712.773(7)
769.662(15)
777.603(5)
792.458(9)
836.919(41)
842.719(17)
850.637(17)
869.856(10)
877.016(13)

898.835(14)
936.275(23)
955.719(8)
964.039(13)

1020.420(10)
1077.131(24)

Not conclusive
Not conclusive
Probable
Possible
Doubtful
Not conclusive
Not conclusive
Possible
Doubtful
Not conclusive
Contradictory to E2
Probable

Possible
Probable
Probable
Doubtful
Probable
Probable

'From Cook et al. (Ref. 10).
'From Kenefick and She1ine (Ref. 6).

The 65.S4 keV(J =~ ) level

This level decays to the ground state by a strong transi-
tion (22%%uo) of multipolarity Ml+(15+5}% E2 (Table
VI}, suggesting J~= ( —,, —,', —', ) . The J=—', possibility
contradicts the I=3 angular distribution in (d,t} (Ref. 8},
as well as the 1=0 transfer from the J = —', ground
state of ' Sm in ' 9Sm(t, p)' 'Sm (Ref. 13). Since this lev-
el is directly populated in the decay of the J = —",

isomeric state at 261.1 keV (Ref. 14), J (65.84
keV}=—, is the logical choice. No primary transition to
this level has been observed in (n, y}. There is evidence
from coincidence measurements' for a very weak transi-
tion of 61.02 keV to the 4.82 keV level (Fig. 6). The in-
tensity corresponds to only 0.18 /~ in the Risg experiment,
which is far below the sensitivity at this energy (Fig. 2).
It has been observed, though, in the special run psmith high
sensitivity at the Argonne crystal spectrometer (Table III).

The 69.71 keV(J =I ) level

This level decays by M 1+{1.8+1.8) '%%uo E2 to the
ground state and by M 1+{50+30)% E2 to the 4.82

keV state (Table VI). Angular distributions in (d,t), and
(d,t) to ( He, a) cross section ratios are consistent with
1=3 transfer. Therefore, J = —,

' is suggested. The pri-
mary transition from the capture state in (n, y) according-
ly would be M2 and, not surprisingly, has not been
detected.

The 91.55 ke V (J =
& ) level

No direct population of this state from the J = —,
'

compound state in (n, y) or from the P decay of the
J = T' ground state of ' 'pm is evident. ' This ma
point to a relatively high spin for the 91.55 keV level.
Indeed, this level is directly populated in the decay of the
261.1 keV isomeric state (J = —,' ) as well as through a
level at 147.9 keV (Ref. 14). Evidence from single-
particle transfer reactions indicates that the latter has
J =—", . Furthermore, the Argonne data (Tables III and
IV) reveal a 25.71 keV transition (Fig. 6) from 91.55 keV
to 65.84 keV (J = —,

' ). This is the only observable decay
channel of this level and, most likely, it proceeds by El.
Therefore, we believe that J (91.55 keV) = —',
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TABLE IX. Least-squares adjusted level energies in "'Sm derived from bent-crystal y data.

Ex

(keV)
(m, y)

(keV)

0.0

4.8236

65.8395

69.7117

91.5498

104.8454

167.7735

168.4188

175.4114

209.0276

284.9758

294.8575

302.6496

306.8180

313.8535

315.3197

323.9879

344.9575

355.6783

395.6247

415.6888

445.7472

0.0014

0.0013

0.0013

0.0025

0.0015

0.0013

0.0014

0.0029

0.0017

0.0019

0.0035

0.0018

0.0017

0.0025

0.0016

0.0020

0.0017

0.0019

0.0019

0.0020

0.0027

5
2

3
2

5
2

9 +
2

3
2

S+
2

9
2

7
2

( ——)
1 3

9
2

( ——)
S 7

3+
2

1

2

3—+
2

7+
2

3+
2

+
2

5 +
2

( ——)
5 7

5+
2

4.83

285.65

307.30

314.37

315.99

345.07

355.73

395.90

446.06

448.624

470.4422

490.426

502.3245

521.1767

620.568

632.0614

663.0524

663.587

703.272

721.955

741.181

754.793

774.009

804.721

821.986

822.752

920.772

951.404

953.575

960.484

1017.296

0.003

0.0023

0.007

0.0020

0.0021

0.011

0.0027

0.0026

0.032

0.005

0.005

0.009

0.011

0.010

0.020

0.029

0.012

0.016

0.023

0.020

0.015

5
2

7
2

I+
2

3 +
2

5
2

5+
2

3+
2

( ——)
5 7
2&2

3
2

( ——)
1 3

3
2

( ——)
5 7

5
2

5
2

( ——)
3 5
272

( ——)-3 5 +
2

(-, , —,)-1 3 +

3
2

3 +
2

7—+
2

3 +
2

449.13

502.95

521.48

633.08

663.20

703.46

722.02

741.98

823.10

951,59

1015.90

TIe&W.8S keV(z. =—', ) Ie~I

The principal decay of this level is to the ground state
by an M 1+(1.0+0.5}%%uo E2 transition (Table VI) and
to the 4.82 keV state by an M 1+( (1.0+0.4) % E2 tran-
sition. Hence, J =( —,, —, } . The —, possibility is ex-3 5 — 5

eluded on the basis of an E 1 transition feeding this level
in (n, y}. Therefore, 7 = —,

' . This is confirmed by the
existence of a strong 250.83 keV transition into this level
from a state at 355.68 keV, the spin and parity of which
can independently be determined to be 1 = —, (see

below}. The decay of the 104.85 keV state by a 35.13 keV
transition to the level at 69.71 keV, hinted at by the 291
keV gated coincidences, ' is supported by the crystaLI data
from Argonne (Fig. 6 and Table III). From subshell ra-
tios of conversion electron intensities in (na„e ), one ob-
tains for the multipolarity of this transition
M 1+(20+10)% E2 (Table VI). Finally, a hitherto
unobserved transition of 39.01 keV has been found which
fits the decay 104.85 keV~65. 84 keV (Fig. 6 and Table
III).

~e ~67.77ke&(& =~ ) cad 168.42 keV(J =+ ) Ieuelg

The 167.77 kev level is strongly populat& both in
(n, y) and from the p decay of "'Pm. It is firmly estab
lished by y transitions to all lower-lying levels discussed
above (Fig. 6}. The primary transition into this level after
average resonance neutron capture is E2, thus indicatingJ = —, . This assignment is in agreement with E1 decay
to the ground state (Table VI and Ref. 5) and the 65.84
keV state, 3 and E2 decay to the —, state at 91.55 keV
(Ref. 2}. The remaining transitions of 162.95 and 98.06
keV are most likely E 1 (Ref. 2), thus supporting the given
assignment.

The diffraction data clearly demonstrate the existence
of a 102.57 keV transition from the 168.42 keV to the
65.84 keV level (Fig. 6). This transition was only weakly
observed in the 6S4 keV gated coincidence spectrum. '
No contradiction was found in the present data with the
assignment J (168.42 keV) = —,

'
in Refs. 8 and 10.
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The S75.a keV(S = —,
'

) ond209. 03keV(S =—,
'

) le~1

The position of the 175.41 keV level and its J =—',
assignment are based on single-particle transfer reactions
and isomeric decay. ' In the present data, the previously
unobserved ground state transition of 175.41 keV has been
identified.

Multipolarities of the deexciting transitions from the
209.03 keV level2 4 and (d,t) angular distributions' restrict
the choices for the spin to J =(—', ,

—', ) . But the angular
correlation measurement of Singh and Johns'5 is con-
sistent only with J = —,

R

The2S4 Nk. eV(J =I', T~ ) level

Strong direct population from the compound state after
thermal neutron capture is characterisic for this level. '

This has allowed us to identify two new transitions from
the present data: a weak ground state transition of 284.97
keV and a 180.13 keV transition to the 104.85 keV level.
The E 1 multipolarity feeding the 284.98 keV level in
average resonance capture indicates J =( —,', —,

'
) . How-

ever, the former possibility is favored considering the
logfot & 9.8 in P decay. '

The294. 86keV(S =& )

and 302 65 ke.V(J =T, s ) levels

The first of these levels provides important clues as to
the model interpretation of the ' 'Sm structure (Sec. IV).
Its spin has been determined from angular distributions of
y rays following Coulomb excitation by Straume et al. i7

Based on the decay pattern of the 302.65 keV level and
the logfot value, Cook et al. ' proposed J =(—,, —,, —, )

Two more deexciting transitions are added from the
present data: 197.81 keV to the 104.85 keV ( —,

'
) level

and 211.11 keV to the 91.55 keV ( —', ) level. This would

sean to be consistent only with J =—', . However, since
this argument hinges on the assumption that the latter
weak transition is not M2, the possibility of J = —, can-

not be excluded.

The 306.82 keV(J =~ ) level

Among all the levels observed in (n,h, y), this is the one
that probably receives the highest fraction of direct popu-
lation. ' Results from (n, y) (Table V) indicate
J =(—,', —', )+. Since this level is strongly excited by 1=2
transfer in (d,t), the lower spin is to be rejected. This is
confirmed by y-y angular correlation measurements. '
Previously unresolved transitions to the 4.82 and 65.84
keV levels have been found. Though the latter would
represent a very weak M2, there is 1ittle doubt about its
placement.

The 313.85 keV (J =~ ) and 325.32 ke V (J = ~ ) leuc)s

From the serious imbalance between incoming and out-
going intensities, it is deduced that both of these levels are
strongly fed by primary (n,h, y) transitions. This is not
surprising since average resonance capture indicates E1

multipolarity, and hence, J =( —,', —', ) . Several y rays
which fall below the sensitivity of previous measurements
have been added: 244.13 and 145.46 keV (from the 313.85
keV level), and 249.47, 245.61, and 210.49 keV (from the
315.32 keV level). The 146.90 keV line (315.32~168.42)
was formerly unresolved from a 30 times stronger 147.55
keV line. The 145.46 keV line was observed with the Ar-
gonne bent-crystal spectrometer. Only J = —,

' seems to
be consistent with the decay pattern of the 315.32 keV
level, given the strong 315.32F167.77 keV ( —, ) and the
315.32~65.84 keV ( —', ) transitions. The lack of any
direct P decay to the 313.85 keV level favors J = —,

'

The 1=1 transfer in (d, t) could result from contributions
of both the 313.85 and 315.32 keV levels. However, a
severe problem arises in connection with the multipolarity
of the very intense 147.55 keV transition. Our (n, e )

data unambiguously contradict E 1 for this transition, and
therefore the negative parity assigninent of the 315.32 keV
level. However, the logfot & 9.6 makes an allowed p tran-
sition very unlikely, in support of the arguments given
above.

The 323.99keV(J =
z ) level

This level is well known from p-decay studies, ' and the
only Je value consistent with the data is —', . More evi-

dence has come from recent y-y angular correlation mea-
surements ' ' and the determination of
M 1+(0.8+0.2)% E2 multipolarity for the transition to
the 91.55 keV ( —,

'
) state. '

The344. 96keV(J = z ), 395.62keV(J =Ts ),

and 445R75 keV(J =
& ) levels

Fully 42'%/of all p intensity feeds into the 344.96 keV
level, ' and it was easily determined from the multipolari-
ty of deexciting transitions that J =( —,, —', )+. This was
confirmed by 1=2 transfer in (d, t).s From the Ml pri-
mary transition observed in our (n, y) work, one concludes
J = —, . Nuclear orientation measurements3 lead to the
same conclusion. The levels at 395.62 and 445.75 keV are
both unequivocally assigned J = —', since they are popu-
lated by E2 transitions (Table V). This result has been
confirmed by orientation and correlation studies by
Warner et szl. Transitions of 354.14 keV (445.75~91.55)
and 376.04 keV (445.75~69.71) have been added. The
rather weak 121.76 keV y line (445.75~323.99) was
masked in (n,h, y) by a very strong ' Sm peak (Table II).

The 355.68keV(J = z ) and 502.32 keV(J =~ ) levels

The y decay of these levels is presented here for the
first time. They are populated by Ml transitions in
(n, y), and (d,t) angular distributions have the characteris-
tic shape of 1=0 transfer, thus indicating J = —,

' . This
explains the lack of any observable p population as well as
the y-decay pattern.
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The 415.69keV(J = ~, & ), 470.44keV(J =~ ),

49O.43kev(J =—,
'

), and 620.56kev(J =—,
'

) levels

None of these levels has been observed in our average
resonance neutron capture work. So, we assume J =

~

or else J& —,. However, all are directly populated by P
decay from ' 'Pm (Jo ———,

'
), which sets an upper limit of

J& —', on their possible spin. Cook et al. ' claim that
measured logfot values are such that allowed P transitions
are unlikely to any of these levels. Consequently, we pro-
pose J =(—,', —', } . The fact that roughly 30% of the y
intensity from the 415.69 keV level branches to —,

' states
(4.82 and 104.85 keV) strongly favors J =—', . The deex-
citation of the 470.44 keV level has been complemented
by two additional lines, 146AS and 125.49 keV. Both
formerly remained unresolved as they are part of multi-
plet structures (Tables II and VII). The latter transition
connects this level to a —', state at 344.96 keV, virtually
excluding J = —', . To the decay of the 490.43 keV level,
a y ray of 385.59 keV has been added. Appreciable
branching (8%) from this level to the z state at 91.S5
keV rules out the J = —', choice. With regard to the y
decay of the 620.56 keV level, new transitions of 411.50
and 275.60 keV could be placed. Since the latter
(620.56~344.96) represents a branching ratio of as much
as 3%, one would not expect it to be M2. Therefore, we
conclude that J (620.56 keV) has —,

The 44S.62 keV (J =T ) level

Further evidence is provided by the present data for the
existence of a 448.62 keV level, which apparently does not
receive any P feeding. Spin J =( —,', —,

'
) is deduced from

(n, y). This concurs with l=l transfer in (d,t). Only
J =—', is consistent with the y-decay pattern, which in-
cludes a 448.62-+167.77 keV ( —,

'
) transition. The weak

382.78 keV (448.62~65.84) transition has only been ob-
served during a measurement with high sensitivity at Ar-
gonne.

The 521.1S keV(J =~ ) level

The following transitions remained unobserved during
previous measurements of the y decay of this level:
352.74, 176.23, 165.50, and 105.49 keV. Observation of
an M 1 primary y transition, combined with 1=2 transfer
in (d,t), results in J = —,

' assignment. This turns out to
be compatible with orientation and correlation data. 3*'

The 663.05 keV(J =~ )

and 663.59 keV (J =~, ~ ) levels

The diffraction data give convincing evidence for the
existence of two closely spaced levels around 663 keV.
Apparently, transitions from each of them are revealed by
coincidences'0 which, nevertheless, fail to recognize
separate states. Our assumption is supported by the fact
that branching ratios derived from P decay and (n,y),
respectively, are in reasonable agreement only if two levels
do indeed exist. The level at 663.05 keV is determined by

nine additional y transitions. A unique assignment,
J = —,', can be made on the basis of Ml feeding in

(n, y), together with the decay pattern. For the second
level, 663.59 keV, choices can be confined to
J = —,', —', . Of course, no primary transition to this
level has been observed.

The 822.00keV(J = ~, ~ )

and 822. 75 keY(J = &, z ) levels

Similarly, we propose narrowly spaced levels at 822.00
and 822.75 keV. This is substantiated by the occurrence
of four doublet lines around 752A3(96), 717.11(90),
477.18(94},and 376.27(99) keV, respectively. At least one
of these levels is populated by an E 1 primary transition.
Moreover, the lower-lying level is characterized by a y-
decay pattern that only allows J =(—', , —,

'
) . If one as-

sumes J~= —,', the upper level has J =—', . However,
allowed P decay has been observed to a level that may cor-
respond to the one at 822.75 keV. This would then have
ixlitive parity. Results from correlation studiesi'~ can-
not be relied on, because measured y rays probably con-
tain contributions from both components of the doublets
listed above.

The 741.18 keV(J = z ) and 774.01 keV(J = z ) levels

Levels at roughly these energies are populated by P
transitions with relatively low logfot values (logfot=7 0.
and 7.3, respectively). Therefore, the obvious conclusion
is —,

'
&J& —', . We can identify these levels with the ones

we propose at 741.18 and 774.01 keV because their respec-
tive branching ratios agree reasonably well. The first level
is connected with the compound state in (n, y) by El,
which implies J = —,

'

No direct (n, y) feeding to the second level occurs„and
this indicates J)—,. Its decay to a J = —, state and to
states with —,

'
&J & —,

' further limits the spin to
The parity of both states contradicts the previ-

ous assignment by Cook et al., ' which, however, solely
relies on rather weak logfot arguments.

The951.40keV(J =&~ ), y53.58keV(J =~ ),

and1017.30keV(J =~ } levels

Comparison of respective y-ray branching ratios leads
us to conclude that the 953.58 keV level corresponds to a
level which was observed to be populated by allowed P de-
cay. Cook et al. ' erroneously considered this level to be
strongly seen'in (n, y). Indeed, our (n, y) results show that
the primary intensity is weak at best. The level populated
by a primary E 1 transition is found at 951.40 keV. These
observations, combined with the y-decay pattern, suffice
to establish that J (9S1.40 keV) = —,

'
and J (953.58

keV}= ( —,, —,
' )+. Angular correlation measurements '

seem to reject the —', possibility for the latter level. Con-
sequently, referring to the (n, y) results, we have to as-
sume that some M 1 intensity is contained in the tail of
the y line to the 951.40 keV level. It is most unlikely that
the level we propose at 1017.30 keV coincides with the
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one observed in P decay. However, we suggest that it does
relate to the one fed by M 1 in (n, y) at 1015.90 keV. We
tentatively assign J =—,

Additional levels

The present data provide insufficient evidence to con-
firm a number of levels that were proposed on the basis of
coincidence measurements. ' These are levels at 777.4,
851.6, 877.54, 887.35, 888.9, 925.9, and 964.15 keV. On
the other hand, several new levels are suggested by our
(n, y) data. For instance, the existence of a 632.06 keV
level is derived from (d,t}and ( He, a) reactions, (n, y) and
12 decay lines from (n,h, y). Primary E2 multipolarity
points to J =—', . Two further levels, at 703.27 and

721.96 keV, respectively, are populated by primary El
transitions and therefore J =(—,', —', ) . Spin J=—,

' is

ruled out by the y decay of the 703.27 keV state. Some
levels are proposed almost exclusively on the basis of the
combination of energies. Since these are not found in

(n, y}, we postulate that they are of spin J& -', . Further
restrictions on the spin result from the y-decay pattern.
In this way, we deduce J (754.79 keV)=( —', , —,), J
(804.72 keV) = —, , and J (960.48 keV) = —, . The y de-

cay of the 920.77 keV level, however, seems to allow only
J=(-,', —', ) and it remains unexplained why no (n, y) tran-

sition to this level was detected. In conclusion, we notice
that the level scheme above 600 keV inferred from (n, y)
results differs appreciably from that emanating from oth-
er measurements.

IV. INTERPRETATION OP LEVEL SCHEME
AND MODEL DESCRIPTION OP ' 'S

A. The model

In this section, we shall try to describe the low-energy
level structure of ' 'Sm in terms of the particle-rotor
model with inclusion of pair correlations, Coriolis cou-

pling, and, where applicable, ~=2 coupling. The model
is fairly standard and several attempts at a partial descrip-
tion of 's'Sm along similar lines have already bren made,
though with varying degrees of success (Ref. 21 and refer-
ences quoted therein). Consequently, we can limit our-
selves to a short outline of the theoretical procedure.

Assuming axial symmetry, the nuclear Hamiltonian is
given by

(10a)

where the first term describes the intrinsic motion of the
many-particle system and the second results from the col-
lective rotational degrees of freedom. First of all, the in-
trinsic Hamiltonian is supposed to be given by the in-
dependent motion of the particles in a deformed harmonic
oscillator potential of modified Nilsson-type. ' It has,
however, been extended to include e6 deformation and is
written as

HI ——Q H(ps, I;,ss ),

H =(~0/2)( —&+p }+ez(Acoo/3)[Pp(P'~) —p Pi(p)]

+~op'[&+4(p)+ e6P6(p) ]
—&|rauo[21 a+p, (l —(l ) )] (10c)

in so-called stretched coordinates p = (g, g, g). '

The potential parameters a =0.0637 and @=0.4377 are
taken from the systematics in the rare-earth region de-

duced by Nilsson ei al.~~ The harmonic oscillator quan-

tum is taken to be fiGO 8——158.3 MeV in accordance with

the usual isospin dependent expression. i Single-particle
energies en and wave functions are obtained by diagonal-
izing the Nilsson Hamiltonian in the coupled representa-
tion of spherical oscillator basis states

with the usual notation.
The deformation parameters e2, 64, an'd e6 of the poten-

tial well are determined in the following way. Assuming
that the state at 65.8 keV is the first excited member of a
rotational band based on the ground state and that this
band contains nearly equal amounts of Q= —', and 0=—',
(Ref. 44), then the measured 8(E2)=(0.80+0.08} e b
from Coulomb excitation yields an intrinsic quadrupole
moment Qo =4.6 b. This corresponds to a quadrupole de-

formation ez-0.21. It is weil known from calculations of
potential energy surfaces that nuclei at the border of the
deformed region have pronounced hexadecapole deforma-
tion. Also, the higher order I'6 deformation seems to
show up. From the equilibrium values of Gotz et al.
and the experimental deformation parameters of Hendrie
et al. for neighboring even-even Sm isotopes, we have es-
timated e4- —0.024 and @6=0.018 for ' 'Sm. We note
that the calculations by Nilsson et al. indicate somewhat
more hexadecapole deformation and P6 values of different
sign in this region.

Subsequently, the effects of pairing correlations are tak-
en into account. The intrinsic Hamiltonian including
pairing interactions can be written as

HI +6kCkCk —G——g CkC kC k~Ck~, (12)
k k, k'&O

This yields the Fermi surface k„and the pairing gap pa-
rameter 6 The subscript v refers to the single-particle
state blocked by the odd particle. The quasiparticle ener-

gies E~~ are given by

(15)

where 6 represents the pairing strength parameter. We
have followed the procedure described by Soloviev,
which amounts to solving the Bardeen-Cooper-Schrieffer
(BCS) equations for odd particle number E with con-
sideration of the so-called blocking effect (Pauli principle}

2/G= g [(e„—A,„) +b,„] (13)
k&0
+V

x —1= g t 1 —(e„—t„}/[(ek—&.)'+g]'"I . (14}
k&0
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E„=e„+g 2Vk(v)ek —b,„/6,
k&0

(16) Ei(Qv)=Eg„+(fi /2J )(Qv
i
J —Jp i

Qv)

+(fi'/2J }[I(I+1)—K'

where E„ is the total energy of the system if the odd par-
ticle occupies state e The occupation probabilities Vq(v)
are given by the well-known expression, except that they
slightly vary with the blocked state because of similar
dependence of A,„and 6 From the occupation probabili-

ty amplitudes Vk(v}, one calculates the reduction factors
for matrix elements of single-particle operators. All 58
single-particle states from the %=4, 5, and 6 shells are
taken into account in our calculation. The pairing
strength is chosen in such a way that the calculated odd-
even mass difference matches the experimental pairing en-

ergy P„(' 'Sm)=1.264+0.006 MeV. A proper value

turns out to be 6=149.5 keV. This results in a pairing

gap parameter 5= 1.217 MeV in the ground state.
The rotational part of the Hamiltonian is

Ha = (I I3)+ — (J —J) )
R~

g i fi

2'
(IiJ +I J+),

m

where I and J are the total and intrinsic angular momen-

ta, respectively, and the components refer to the intrinsic
axes. The principal moment of inertia is denoted by J .
The first term is diagonal and contributes the rotational
energy following the I(I+1) law. The second term is
called the recoil term and has been treated as outlined by
Osnes et al."s This operator contains one-body and two-

body parts. Its main effect is to cause a shift of the
band-head energies. This recoil energy is strongly state
dependent, as pointed out in Ref. 48, and can be appreci-
able, particularly for transitional nuclei because of their

large A /2J values. It is of the order of
(R /2J~ )j(j+1) for relatively pure j states with low Q.
Furthermore, it may be sensitive to the position of the
Fermi surface. We do not consider any nondiagonal con-
tributions of recoil, (Qa

~
J —Ji

~

Q'a'), which vanish
unless Q=Q. The remaining term in Ha is responsible
for Coriolis or rotation-particle coupling (RPC) and has
been treated abundantly in the literature ever since the
first calculations by Kerman. This coupling is causing
mixing of rotational bands. It is treated by diagonaliza-
tion in a basis of states for which E=Q are good quan-
tum numbers.

~
IME/NQv) =[(2I+ I)/16/]i/&

X [Dsr»aNn.
I

+( )'+ DM, »a~ „„]~o)—,

where M is the projgx;tion of I on the space-fixed z axis,
a is a quasiparticle creation operator, and

~
0) is the

quasiparticle vacuum state. The symbols D~z represent
the common rotation matrices. The unperturbed energy
of a rotational state belonging to a band based on the in-

trinsic configuration
~
NQv) is found from the expression

+5» i/g( ) (I+ 1/2)a ]

(19)

with the decoupling parameter given by

a„=—(Q= —z, vi J
i
Q= —,',v) .

The Coriolis-mixed states will be denoted by

~

I~a)= Q~„„~Image;XQv),

(20)

the mixing amplitudes An„being the result of diagonali-
zation of HRpc.

B. The positive-parity states

It has been established for some time that most of the
low-lying positive-parity states in odd-N deformed nuclei
of the rare-earth region can be interpreted in terms of ro-
tational bands associated with Nilsson orbitals extending
from the i»~2 (%=6) and d3/p (%=4) spherical shell
model states. '"

However, strong perturbations due to Coriolis coupling
are to be expected —and have been observed —for rotation-
al bands on Nilsson configurations from the ii3/2 shell.
In general, this is the case for Nilsson states originating
from unique-parity high-j orbitals within each major
shell, such as Iiii/i 1i3/i and jiz/2. The most obvious
reason is that Coriolis matrix elements increase approxi-
mately proportional to j for low values of Q. In addition,
unique-parity states are well separated from other orbitals
of the same parity and are therefore to a high degree
pure-j states with j=j,„(maximum value in the shell).
These states experience strong Coriolis coupling among
themselves, but interact very little with states from other
orbitals. At small deformation, characteristic for the
transitional region, the strong Coriolis effects ultimately
lead to the rotation-alignment coupling scheme of
Stephens, s~ even at low spin. Another phenomenon with
important consequences at the lower-mass end of the de
formed region is related to the occurrence of crossing of
single-particle levels from the %=4 and %=6 shells,
respectively. At the crossing point, AN=2 coupling
caused by the r I'io terms in the Nilsson model, but not
properly reproduced by harmonic oscillator wave func-
tions, may become appreciable. It has been shown that
in several cases neutron transfer reaction cross sections are
not given correctly unless this coupling is explicitly intro-
duced. ""

Reasonably successful attempts have been inade before
to describe the properties of positive-parity states in
' 'Sm. ' ' ' All of these calculations use a
Coriolis-coupling approach, but they differ in their
respective degree of sophistication. Cross sections for
one-particle transfer have long been accepted as reliable
data for the identification of Nilsson configurations.
Two states are strongly excited by l =0 transfer in (d, t).
They corrcspond to the I = —,

' levels at 355.7 and 502.3
keV discussed in Sec. IIIB. Just two I = —,

' states are
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(i) e„&A,&ez or ez&A, &e„,

(ii)
~
(e„—X)(e,—A, )

~
)a'.

predicted by the Nilsson model, designated in the usual

way as —,
'

f660] and —,
' [400]. Experimental spectroscopic

factors are compared in Table X to the theoretical values
given by

2 2
SI)——CIJ V (22)

Since the Nilsson model predicts neghgible sIxetroscop-
ic strength to the —,

' [660] state, Nelson et al. ' have sug-

gested strong hA=2 coupling with the —,'[400] state.
This leads to a redistribution of the —,[400] strength over
the two I = —,

' levels. It is clear from Table X that the
major component in the 502.3 keV state is —,[400], while

the 355.7 keV state is predominantly —,
' [660]. It has re-

cently been pointed out by Guttormsen et al. that the
couphng revealed in transfer spectroscopic factors is the
combined effect of direct ~=2 coupling and coupling
through off-diagonal matrix elements of the recoil opera-
tor. In our calculation, this coupling is taken into account
by introducing constant matrix elements in the coupling
matrix. Following the procedure suggested by Andersen
and using the cross-section data of Table X, one deduces a
coupling matrix element

~
V~ =64 keV and a ratio of

mixing amplitudes
~
a/P

~

=1.7. Combined with the
Nilsson prediction for a pure —,'[400] state, the latter
value nicely reproduces the experimental spectroscopic
factors for "'Sm. We observe that the mixing in '5iGd is
much less complete and the experimental spectroscopic
strength does not exhaust the Nilsson prediction. More-
over, the level order is reversed relative to ' 'Sm, a situa-
tion similar to the one discussed by Guttormsen et al s.
with respect to 's'Sm-'59Gd.

We have mentioned in Sec. IVA the possibly appreci-
able shift in the band-head energies caused by the recoil
term. The recoil energy E~(vQ } contains contributions
from states

~ p, Q+1) of the form
A'2 1

2J~ 2
—[(p,Q+1)j )vQ) f'P (23)

where the pairing factor is given by

(24)P~ —(g„i)p /
~ ri„rip —

~
) cos(i)„—i)p),

tanil =5/(e —A, ) . (25)

Each contribution depends on the Finni energy A, through
the pairing factor. As one can easily verify, it is only neg-
ative if

(26)

It can be seen from the matrix element in Eq. (23} that the
main contributions come from states that also contribute
strongly to Coriolis coupling. For the —,

' [660] band these

are the —,
' [660] and —', [651] configurations. The former

contribution is diagonal, and hence P =1. The latter
contribution is also positive since

~
e„—ez ~

& b, and there-
fore conditions (i} and (ii) are never simultaneously ful-
filled. For any value of A, the —,

' [660] band is therefore
shifted up by including the effect of recoil. It turns out
that the recoil energy for this band amounts to 600—650
keV for values of A, consistent with the number of parti-
cles. On the other hand, the recoil energy does not exceed
50 keV for the —,

' [400] band. The Nilsson model predicts
—,
' [400] as a rather deep-lying hole state, whereas —,

' [660]
comes close to the Fermi surface. In that case, no appre-
ciable B'AV'=2 coupling would be possible. Apparently,
the N =4 6gap i—s not properly represented by the oscil-
lator quantum 2hcoo. In order to correct for this deficien-
cy, we have introduced a common shift b,e to all single-
particle energies from the %=4 shell. Although the
single-particle energy of the —,

' [660] band is close to A, , we

notice that the band head is pushed up far too much by
recoil, if compared to the experimental value of 355.7
keV. This leiids us to introduce an empirical attenuation
factor for recoil in the same way as this is usually done
for the Coriolis interaction. Because of the intimate rela-
tionship of the dominant contributions in both cases, it
would seem plausible to assume a, =ac,„as already sug-
gested by Katajanheimo and Hammaren. 2i Indeed, the
experimental band-head energies are adequately repro-
duced with a~=0.43, whereas an overall Coriolis cou-
pling attenuation factor ao„——0.67 is found to be neces-
sary to obtain the calculated level structure of Table XI.

The characteristic structure of a highly decoupled
j= —", band in 's'Sm has been revealed through

Nd(u, 3ny)' 'Sm work by several authors. ' ' The se-
quence of levels wi'th I=j,j +2,j +4, . . . has been con-
tinued up to I= —", . The lowest two members of this se-

quence have, moreover, been identified as the 147.9 keV
( —, ) and 383.2 keV ( —, ) levels in (d,t) and ( He, a).
Linked to the low-spin levels observed in the present (n, y)
work at 355.7 keV ( —, ), 167.8 keV ( —, ), and 91.5 keV

TABLE X. Experimental spectroscopic factors from neutron pickup reactions to I =
2 states in

'~'Sm and '"Gd compared to Nilsson predictions.

Isotope

15'Sm

E
(keV)

356
502

d~/dO
C,pb/sr)

172
451

S0,1/2

Expt.

0.14
0.42

~0, 1/2

Nilsson model
[400] i [660]

1536d 328
483

1063
23

0.44
0.01

0.54 0.36' 10-'
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TASI E XI. Results of Coriolis coupling calculations among positive-parity states in "'Sm.

Expt.

E„(keV)
Theo r. 2 [660)

Amplitudes in the wave function

2 [400] T~ [651) 2 [402] 2 [642] —,[633]

{663.1)

167.8

91.5

147.9

383.2

763.8

383.7

1

2

3
2

5
2

9
2

]3
2

]7
2

0.862

0.940

0.796

0.827

0.861

0.897

—0.507

0.263

—0.125

—0.067

—0.043

—0.030

—0.217

0.398

—0.028

—0.065

—0.023

—0.012

—0.007

0.161

0.217

0.210

0.177

0.068

0.080

0.072

502.3

521.2

(632.1)

521.2

1

2

3
2

5
2

7
2

0.507

—0.242

0.187

0.862

0.949

0.935

0.920

—0.034

0.169

—0.158

—0.243

—0.276

—0.177

—0.164 —0, 132

345.0

445.7

324.0

345.8

324.1

3
2 0.203

—0.543

0.220

0.024

0.207

—0.044

0.844

0.677

0.819

0.496

—0.44

—0.074

0.450

0.500 0.151

306.8

395.6

306.6

395.6

514.0

3
2

5
2

7
2

—0.132

0.082

—0.014

0.171

0.241

0.293

—0.475

0.041

0.052

0.853

0.966

0.951

0.022

0.079 0.032

( —,
'

), they represent the chain of favored (I+1/2)-odd
members of the strongly Coriolis perturbed —,

' (660) band.
The elegant parabolic presentation of this sequence by
Scheck and Vandenput has later been described in a
semiclassical approximation by I.tsvhsiiden and Rekstad. 5

A comparison of these and other positive-parity states
with the corresponding ones in the neighboring X=89
isotones can be found in Ref. 58.

Following Nelson et al.,s we assume that the appre-
ciable spectroscopic strength predicted for the —,

' [402]
Nilsson state is fragmented over the levels at 306.8 and
345.0 keV, which feature prominently in (d,t). Given a
cross-section ratio of 4.5 at 60'„ the former state is mainly
composed of —,

' [402], while the latter is dominated by
[651] character. The last assumption is supported by

the occurrence of a strongly enhanced E2 component
(14%) in the y decay to the 167.8 keV level. Indeed, the
—,
' [660] and —,

' [651] orbitals are coupled by large Coriolis
matrix elements, and, as the results in Table XI show, the
167.8 keV state has a 32% 2[651] component. The
B'AV =2 coupling between —,

' [402] and —,
' [651]orbitals can

be treated in arialogous fashion as for the crossing
K =—, levels discussed above. A ~=2 interaction
matrix element

~

V
~

= 15 keV then results, with some un-

certainty due to interfering Coriolis coupling. The effect
of the recoil energy on the —,

' [651] band head is compar-
able to that on the —,[660] band. It is mainly due to con-

tributions from the —,'[660] and —,'[642] quasiparticle
states. Of course, it is attenuated by the common factor
a,~ in our calculations. The —,[402] recoil energy is

small, as expected.
The I=—,

' members of both K = —', bands can be
identified as follows. Negligible (d,t) spectroscopic factors
are predicted for the I= —', rotational states in the —,[651]
and -', [642] bands. So, we propose —,

'
—,
' [402] for the

395.6 keV level, which is populated in (d,t) and ( He, a).
Although our Coriolis coupling calculations (Table XI)
predict the I= —', state of this band around 514 keV, we

disagree with Katajanheimo and Hammaren who sug-
gested this assignment for the level found at 490.4 keV.
Recall that we adopted negative parity for this level in
Sec. IIIB. Based on energy considerations, we further-
more identify the 445.7 keV level as the I= —,

' member of
the —,[651] rotational band. This is in contradiction with

the assignment of this level as the —,
' [642] band head by

Cook et al., ' but in agreement with the suggestion in Ref.
23 that the —,[642] band should occur at higher energy.
In our Coriolis calculation, a strongly depressed —,

'
—,
' [651]

is produced. Accordingly, we suggest that the 324.0 keV
(I=—,

'
) level can be interpreted as such.

As in previous work, ' ' the 521.2 keV state is inter-
preted as the I= —,

' state in the —,[400] band. In addition,
we propose the 632.1 keV (I=—, ) level as its next rota-
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tional member. This follows from the observation of a
relatively strong transition to this level in (d,t) and from
the fact that its position agrees well with that resulting
I'rom the calculation. Highly tentative, however, is our as-
signment of the 663.1 keV (I=—,

'
) level as —', —,'[660].

This state is predicted about 100 keV higher in excitation.
Finally, the experimental positive-parity level scheme
below 700 keV, with an indication of the major state com-
ponents, is shown in Fig. 7. Above that energy, any
model interpretation on the basis of present experimental
information reduces to mere speculation.

The Coriolis coupling calculation alluded to in previous
paragraphs follows the procedure outlined in Sec. IVA
and includes six rotational bands. Initial values for the
moment of inertia parameter, 3 =—I)12/2J, and the cus-
tomary B parameter were derived from a fit to the unper-
turbed —", [505] band A =14.1 keV, B=—11.6 eV.
The —,

' [400] band head was used to determine 6@=1517
keV for %=4 single-particle states, with A, fixed from the
BCS calculation. Decoupling parameters were taken as
calculated from the Nilsson model. The resulting per-
turbed excitation energies and mixed wave functions are
given in Table XI, together with the experimental level en-
ergies. In order to obtain the excellent agreetnent between
theoretical and experimental energies, a multiparameter
least-squares fit was performed. The parameter values
found from the fit depend somewhat on whether or not
the high-spin states from the —,

' [660] band (I=—", , —", , —", )

are included. If they are, a remarkable agreement is also
obtained for the unfavored states at 672 keV (

—", ), 1054
keV (

—", ), and 1531 keV ( —, ), ' which are predicted at

648 keV, 1081 keV, and 1540 keV, respectively, the pa-
rameter values having been determined exclusively from
the favored states. We observe that the quality of the fit
has been handsomely improved compared to previous cal-
culations. '

Concerning the composition of the wave functions, we
notice that the —,[651] and —', [642] amplitudes in the
—,
' [660] band have been reduced. On the other hand, the

mixing of the N =4 states among themselves has been in-
creased. Moreover, the character of the 445.7 keV state
has been shifted from —', [642] to —,

' [651].
In an attempt to lend support to the level interpreta-

tions given above, the wave functions of Table XI have
been used to calculate y-ray branching ratios. In Table
XII experimental branching ratios are given for compar-
ison. Severe discrepancies arise for transitions do:aying
from the 663.1 and 632.1 keV levels. The tentative inter-
pretation given to these states therefore remains incon-
clusive. The agreement for all other states, however, is
gratifying. This also applies to the E2/M1 multipole
mixing ratio obtained for the 324.0—91.5 keV transition,
5 =0.030 (5,„p, (0.031), and to the virtually pure E2
multipolarity predicted for the 445.7—167.8 keV transi-
tion.

C. The negative-parity states

The interpretation of the low-lying odd-parity excita-
tions of 's'Sm has been severely complicated by the ap-
parent lack of any rotational band structure among the
low-spin states. If the particle-rotor model were applic-
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FIG. 7. Low-energy positive-parity level structure of ' 'Sm based on the present study. Dashed lines indicate transitions taken
from Ref. 19. Given are the excitation energy (in keV) and the spin for each level as ~el1 as the transition energy (in keV) and the
branching ratio, where applicable, for each transition. At the bottom, the major components in the mixed wave function of the levels
above are given.
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TABLE XII. Branching ratios and E2/M1 multipole mixing ratios for y-ray transitions between

positive-parity states in ' 'Srn.

Initial Final Branching ratio

Expt. (error) Theor.

5 (E2/M1)
Theor.

167.8

306.8

445.7

1

2

3
2

5
2

5
2

59.9(1.9)

13.4(1.1)

3.1{0.7)

3.9(0.7)

19.8(1.7)

11.4

0.94

65.6

0.44

0.025

0.011

502.3 2 167.8

306.8

345.0

5
2

3

3
2

29.8{2.9)

16.4(2.0)

53.8{4.0)

13.8

29.8

56.4

0.001

& 0.001

521.2 167.8

345.0

355.7

395.6

2

3
T

1

2

5
2

75.2(3.2)

6.1(1.3)

4.4(1.4)

14.3(3.0)

67.7

2.87

6.19

23.3

0.053

0.003

30

(0.001

632.1 521.2

167.8

306.8

324.0

3
2

5

2

3
2

7
2

t
2

5
2

27.1(4.6)

24.5(3.7)

23.8(2.2)

13.1(1.5)

5.2(1.8)

6.3(1.4)

19.6

15.2

3.70

37.5

2.17

21.8

0.003

0.009

0.48

0.022

0.011

324.0 91.6

167.8

86.6(2.0)

13.4(2.0)

91,3 0.031

445.7 5
2 91.6

167.8

9
2

5
2

55.0(10.0)

45.0{10.0)

30.8

69.2

able at all, it would be obscured by strong mixing phe-
nomena. Consequently, early attempts at such a descrip-
tion completely failed to explain the observed level struc-
ture and the experimental cross sections for Coulomb exci-
tation and neutron-transfer reactions. Nevertheless, the
rotational degree of freedom has proved to be very signifi-
cant in determining the properties of ' 'Sm. This was
demonstrated by the partial success in the description of
positive-parity states associated anth the i&3/2 single-
particle configuration (Sec. IVB). Other evidence has
heidi provided by the identification in ' Nd(a, 3ny)'s'Sm
reactions' ' of a very regular rotational band (I(—", )

based on the —", [505] configuration. In addition, the
sune experiments support the possibility of two more
bands. The first of these„ the ground state band, has a
fairly regular structure at high spin (I & —", ), while the
second displays features of a partly decoupled band based

on the 175.4 keV ( —, ) level.

A thorough investigation of the various couplings
among the configurations in the neighborhood of the Fer-
mi level has recently been reported by Guttormsen et al. '

These authors argue that the single-particle level scheme
in the spherical limit for any deformed mass number can
be consistently determined by linear interpolation between
experimental single-particle levels in the spherical regions
at the lower (N =82) and upper (N = 126) mass end. Sub-

sequently, one can deduce I-dependent potential parame-
ters x~ and p, ~ which allow one to reproduce the interpo-
lated levels at @=0. Those values are inserted in the
Nilsson Hamiltonian of Eq. (10c) to generate deformed
single-particle energies and wave functions. Upon com-
parison with the Nilsson scheme obtained in the conven-
tional way, as used fol the positive-parity states uilder
Sec. IV B, one observes some important rearrangements of
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TABLE XIII. Reduced E2 excitation probabilities from the

ground state. Experimental values are from Ref. '7.

Theoretical values are based on wave functions from Ref. 21 (I)
and from this work (II}.

E„
g(E2) (e2b2)

12 MeV Theory I Theory II

65.8

294.9

4.8

168.4

9
2

3
2

S
2

0.82+0.08 0.75

0.45+0.04 0.48

0.14+0.03 0.16

0.83

0.06

0.61

0.45

0.44

104.8

209.0

175.4
5
2

302.7 ( ~ )

69.7

0.013

0.010

0.01

0.02

0.02

0.11

0.15

0.001

spherical orbits. Most notably, the distance between the

f7/2 and Ii9/2 orbitals is more than tripled, and the p3/2,
pi/z, and fz/i states are lowered to cluster around the
A 9/2 orbital.

This changes the position of the Nilsson states originat-
ing from these spherical orbitals relative to the Fermi lev-
el. More importantly, it modifies the composition of the
Nilsson wave functions. Those originating from h9/2
contain smaller j=—,

'
components and, conversely, the

f7/2 states have less j=—', contamination. The p3/2
Nilsson states acquire larger j=—', and —', components at
the expense of the j=—,

'
component. The latter is due to

interaction with fq/2, for which the distance from p3/2
has been enhanced. All these states belong to the N=5
shell.

The Coriolis coupling calculations of Ref. 21 are able to
reproduce the experimental level scheme moderately well.
A satisfactory agreement is also obtained for neutron
stripping and pickup spectroscopic factors, and for the
available 8(E2) values from (d, d') reactions. This agree-
ment is in large measure obtained by avoiding too much
mixing of fz/q and h9/2 in the Nilsson states, as men-
tioned above, and by virtually limiting the Coriolis cou-
pling to configurations originating from the same spheri-
cal shell. This is exactly what is needed to explain the ex-
perimental particle-transfer spectroscopic factors, i.e., the
large SIJ value for the 65.8 keV ( —', ) and 175.4 keV ( —,

'
)

levels. Indeed, these states are interpreted as predom-
inantly —', —', [532] and —', —', [521], which have large j=—,

and —,
'

components, respectively. However, the satne
mechanism causes the only real discrepancy. The 209.0
keV level is calculated to be as much as 75% —', —', [521].
Since this is an h9/2 state with rather less j=—, strength,
a much too low spectroscopic factor is found. The 8(E2)
results summarized in the fifth column of Table XIII are
readily understood from the lack of any appreciable mix-
ing between the f7/2 ground state band and the first excit-

ed h9/2 band. Again, this very characteristic results in

too large a 8(E2) to the 294.9 keV ( —', ) member of the

ground state band.
As a further test, we have used the wave functions ob-

tained by Guttormsen et al. ' to calculate y-ray branching
ratios and E2/M1 multipole mixing ratios. The branch-

ing ratios are given in Table XIV and are compared to ex-

perimental values deduced from our (n, y) intensities.
One observes that there is acceptable agreement for transi-
tions from levels in the ground state band and from the
285.0 keV and the 502.3 keV levels. Serious discrepancies
occur for the other levels. The mixing ratios 5 (E2/M 1)
are compared in Table XV to values found in the litera-
ture or deduced from the conversion coefficients of Sec.
IIC. The comparison is often not conclusive because
several of the experimental values are not very meaning-
ful. One can see, though, that the M 1 components in the
transitions 104.8~69.7 keV and 209.0~69.7 keV are
grossly underestimated.

It appears to us that the severe shortcomings remnant
in the model discussed above justify another attempt at
improving the wave functions and level energies. In order
to retain as much as possible the attractive features of
Guttormsen's calculation, we have employed the same
single-particle potential. We have restricted the Nilsson
basis to the K= —,', —', , and —, states emanating from the

f7/2 and h9/J spherical orbitals. They are depicted
schematically in Fig. 8. The model states and energy lev-
els of ' 'Sm were found by diagonalization of the Coriolis
interaction in this limited basis, as described in Sec. IV A.
Coriolis matrix elements are largest between K and K+1
states within the same shell. The Fermi level was located
about halfway between the —,'[532] hole state and the
—,[521] particle state, but was allowed to vary slightly.
Small changes (&E&60 keV) to the band-head energies
were also introduced. The —,

' [523] band head was given

somewhat more freedom ( hR & 110keV).
Only levels with I& —", in the —', [532] and —', [521]

bands were included in the fit of free parameters. Other
levels were calculated from the parameters found in that
way. Because of the uncertainties concerning shape and
effective moment of inertia of transitional nuclei, the rota-
tional parameter was given a great margin to vary. From
the level spacings in neighboring even ' Sm and ' Sm
nuclei, we also inferred the necessity to introduce a nega-
tive 8 parameter. This accounts for a spin-dependent in-
crease in the effective moment of inertia. The best fit was
obtained for

A =32.7 keV,

8= —50.8 eV .
These values may seem unusually large, but they are inter-
mediate between those appropriate for ' Sm and ' Sm,
respectively. ' As a matter of fact, the 6+ level in the
ground state band of ' Sm is nicely reproduced by these
values. No improvement was obtainai in the fit by using
individual /I and 8 values for different bands, nor by at-
tenuating the Coriolis interaction. The reduction due to
pairing correlations, however, was not neglected. Finally,
the decoupling parameters for K= —,

' bands were given
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TABLE XIV. Branching ratios for y-ray transitions between negative-parity states in "'Sm. Experi-
mental values are derived from the {n,y) data. Theoretical values are based on wave functions by Gut-
tormsen et al. {Ref.21) (I) and from this work (II).

Initial

0.0

4.8

Final

3
2

Expt. (error)

99.2(0.3)

0.8(0.3)

Branching ratio

Theory I

2.5

Theory II

99.5

0.5

168.4

65.8

104.8

7
2

5
2

3
2

37.2(4.3)

58.7{4.5)

1.1(0.5)

2.5(0.6)

0.6(0.1)

42. 1

0.5

2.3

24.0

72.2

2.3

1.3

294.9 0.0

65.8

35.0(3.1)

65.0(3.1)

41.4

58.6

36.2

63.8

423.2 11
2 65.8

294.9

7
2 85.0(5.7)

15.0(5.7) 2.6

84.4

15.6

0.0

4.8

5
2

3
2

24.0(6.1)

76.0(6.1)

75.4

24.6

92.6

7.4

3
2 69.7

0.0

4.8

65.8

5

2

5
2

3
2

7
2

0.9(0.2)

58.9(6.8)

40.1{6.7)

0.1(0.1)

0.1

9.8

90.1

0.01

0.5

32.9

66.6

175.4 9
2 0.0

65.8

5
2 11.3(3.7)

88.7(3.7)

0.03

99.97

41.0

59.0

209.0 7
2 69.7

0.0

5
2

3
2

21.6(3.2)

64.8(3.3)

4.9(0.6)

8.8{1.5}

2.6

0.3

12.0

2.1

45.4

0.3

52.2

285.0 1

2

104.8

0.0
3
2

3.7(0.5)

3.5(0.5)

0.7(0.1)

92.1(0.7)

3.2

4.5

1.7

90.6

3.0

5.5

0.3

91.2

(302.6)

4.8

65.8

5
2

3
2

5
2

19.4(2. 1)

2.3(0.4)

9.4(4.8)

11.8(1.2)

48.9(3.8)

8.2(2.5)

6.5

10.2

37.7

0.4

12.8

10.2

12.9
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Initial Final

TABLE XIV. {Continued).

Expt. (error)

Branching ratio

Theory I Theory II

502.3 11
2 175.4

209.0

14.4(3.9)

53.5(4.8)

32.1{4.9)

26.0

39.3

34.7

36.5

61.4

2.0

(315.3) 0.0

4.8

168.4

69.7

104.8

5
2

3
2

7
2

5
2

5
2

3
2

13.0(0.9)

44.7(2.5)

4.7(0.7)

20.5(2.6)

13.0(1.1)

4.0(0.5)

26.9

28.1

12.1

27,5

5.3

TABLE XV. Multipole mixing ratios for y-ray transitions between negative-parity states based on

wave functions by Guttormsen et al. (Ref. 21) (I) and from this work {II)compared to experimental
values.

Initial

65.8

3
2

Final

0.0

0.0 5
2

Theory I

3.0x 1O-4

5.8x10 2

Expt. (error)

6.3x10-'
6.6x10-"

1.8x 10-'

5(2)x10 '

18(6)x 10

4.3(0.4)x 10-'
9(5)x 10-'

5 (E2/M1)
Theory II

d

e,f

168.4 5
2 0.0

4.8 3
2

2.1x10-'

1.5x10 2

1.9x 10-'

5.1x10-'

1.5(0.8)

4(4) x 1O-'

& 4.0(O. 6)x 10-'

69.7 5
2 0.0

4.8 3
2

3.6x10-4

5.4x 10-'

1.4x 1O-4

2.0x10-'

1.7(1.7)x 10-'

2.6(0.3)x 10-'
1.0(0.6)

104.8 3
2 0.0

3
2

8.6x10-'

1.9x10-'

5.3x10-'

1.2x10-4

3.1x10-'

1.0(0.5)x10-'
1.4(0.6)x 1O-'

& 1.0{0.4)x 10-'

&o.1(0.1}x10 '
0.25(0. 13)

7
2 0.0

65.8 7
2

5
2

3.6x10-'
6.5x10-'
3.6

1.1x10-'
1.0x10-'
3.9

& 0.5{0.4}x 10-'

&3x10
&5x10 '

e,f

e,f

'Baae«n a pure z [532] wave function for the 4.8 keV atate.

From Geiger et al. (Ref. 12).
'Based on conversion coefficients of Table VI.
dFrom Singh et al. (Ref. 15).
'From Yamada et al. (Ref. 4).
From %'amer et al. (Ref. 3).



G. VANDENPUT et aL

6.5—
LU
K
LLI

t 5/2
p1/2

h 9/2

p 3/2

f 7/2

1/2 [s10]

7/2 [514]
sn [s12]

1/2 Isf21]
sn @2fj

3/2 [521]

LU

LU

CJ

I

LU

6.0—
K
ch

h )t/2

3/2 [532]
11/2 @011
M2 [53$

9/2 [514]

7n [s23]

1/2 @41]

0.2t

K~ = - 0.055

FIG. 8. Theoretical excitation energies of negative-parity

single-particle states relevant to the discussion in Sec. IVC.
These states mere obtained from a Nilsson model calculation us-

ing the potential and deformation parameters of Ref. 21.
Single-particle energies in the spherical limit are given on the

left.

their Nilsson values.
The level energies and the wave functions resulting

from our calculation are contained in Table XVI. The
8(E2) values, branching ratios, and multipole mixing ra-
tios based on these results are found in Tables XIII, XIV,
and XV, respectively, under the heading 'Theory II."
Figure 9 sho~s the relevant levels and transitions. The
Nilsson interpretation of the observed levels corresponds
to the one accepted by Guttormsen et al., ' except for the
302.6 keV level. Our data of Sec. III B seem to exclude a
spin —, for this level. A close inspection of Guttormsen's

results already provides a hint as to how to overcome
some remaining problems, as observed by that author.
The —,

' [523] band-head energy remains much higher than

its experimental position at 168.4 keV and the —, —,[532]
state is not depressed far enough to become the ground
state. Lowering the —,

' [523] state would increase its mix-

ing into the —,
' [532] band and push down its —', member

without affecting its —', band head. This is what we have
tried to bring about in this new calculation. It is seen
from Table XVI that the level order is markedly im-
proved. The 4.8 keV level still is almost a pure —,[532]
state. All the other states are characterized by somewhat
increased mixing of —', [523] into —,[532] on the one hand,
and of —,

' [530] into —,
' [521] on the other. Also, slightly

more mixing between f7/2 and h9/2 states can be observed
for most states. This is what was actually called for by
the pickup spectroscopic factors. ' Unfortunately, we
have not succeeded in bringing the -', [523] state further
down without dramatically destroying the agreement ob-
tained.

The 8(E2} results in Table XIII show that agreement
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FIG. 9. Similar to Fig. 7 for the lorn-energy negative-parity level structure of ' 'Sm.
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TABLE XVI. Results of Coriolis coupling calculations among negative-parity states in '5'Sm.

E (keV)

Expt. Theor. —', [532]

Amplitudes in the wave function

~ [541] —,
' [512] 2 [521] 2 [530]

0.0

65.8

294.9

423.2

705.8

974.7

1321.9

2.9

0.0

281.2

840.7

1390.0

5

2

7
2

9
2

11
2

]3
2

15
2

17
2

0.595

0.569

0.600

0.419

0.611

—0.304

0.604

0.792

0.733

0.702

0.550

0.726

—0.420

0.727

0.091

0.078

0.124

—0.228

0.154

0.034

—0.048

—0.081

—0.186

—0.074

0.267

—0.089

—0.084

0.062

—0.254

—0.304

—0.524

—0.244

0.614

—0.248

0.070

—0.227

—0.206

—0.416

—0.137

0.482

—0.119

168.4 0.795 —0.599 —0.065 —0.007 0.053 0.052

104.8

69.7

209.0

175.4

502.3

531.8

1091.5

994.8

1490.5

106.8

62.9

196.6

191.1

526.2

515.3

1051.9

972.3

1488.8

3
2

5
2

7
2

9
2

11
2

13
2

15
2

17
2

21
2

—0.115

0.209

0.178

0.420

0.111

0.481

0.095

0.121

—0.042

0.270

0.319

0.246

0.644

0.238

0.240

—0.026

0.069

—0.023

0.153

0.062

0.180

0.139

0.206

0.229

0.170

0.261

0.254

0.291

0.304

0.289

0.329

0.344

0.885

0.777

0.783

0.676

0.595

0.679

0.471

0.666

0.654

0.448

0.590

0.449

0.567

0.292

0.584

0.171

0.583

0.579

285.0

(315.3)

(302.6)

286.5

545.4

658.9

2

3
2

5
2

—0.018

0.054

—0.014

—0.091

0.106 —0.216

—0.457

—0.565

0.999

0.883

0.789

is now established in the ground state band. The attenua-
tion of the —,

' [532] component in the 294.9 keV state is re-

sponsible for this. The 175.4 keV state remains a prob-
lem. It is clear from the branching ratios based on
Guttormsen's wave functions (Table XIV, Theory I) that
the E2 transition 175.4-+0 keV is far too weak because
there is almost no —', [532] component present in the wave
function of the 175.4 keV state. However, our calculation
obviously transfers too much —,'[532] strength to this
state. It is hard to strike a balance here since the
—', —,

' [521] level has to be pushed down from an unper-
turbed position above the —', —', [532] level. The rather
pure M 1 branchings from the 69.7 keV level clearly stand
at variance with the data in both models. It is not obvious
how this can be avoided with the present interpretation of
this level. The branching ratios are consistent with our
tentative interpretation of —', —,'[530] for the 302.6 keV
level. The Guttormsen interpretation leads to totally er-
roneous branching ratios for this level. The —,

'
—,
' [530] as-

signment to the 315.3 keV level is highly speculative.
Both of these levels are predicted at much higher energies

than their experimental values. Finally, we remark that
the branching ratios within the ground state band are
nicely reproduced in our calculation.

A word of caution should be added regarding the mul-
tipole mixing ratio for the ground state transition from
the 4.8 keV level (Table XV). Due to a cancellation of
major terms in the M1 transition matrix element, the nor-
mally negligibly small components in the wave function
of the 4.8 keV state become decisive. A pure —', [532]
wave function would lead to 5 =6.6X 10, in complete
accord with experiment. This means that the basic inter-
pretation appears to be sound, but that 5 is in this case
inappropriate to gauge the detailed structure of the 4.8
keV state wave function. The most striking discrepancies
that are found in the calculated branching ratios and 5
values always involve the 69.7 or 209.0 keV states. The
data seem to suggest that the important —,

' [530] admix-
tures in these states have an adverse effect on the M1
transition rates. The strong coupling with the —,'[530]
band is needed, however, to achieve the required level dis-
placements.



1184 G. VANDENPUT et al. 33

TABLE XVII. Results of Coriolis coupling calculations on
the i [505] rotational band and comparison to experimental

level energies from Ref. 19.

E, {keV)

Expt. Theor.

Amplitudes in the wave function

I 2 [505] T~ [514] 2 [523]

261.1

445.1

869.4

1107.5

1361.3

1630.0

1912.2

2205.6

262.5

443.0

646.1

869.5

1110.9

1367.3

1635.5

1912.1

2193.3

0.984

0.967

0.948

0.928

0.908

0.887

0.846

0.174

0.251

0.312

0.363

0.407

0.445

0.507

0.533

0.023

0.083

0.104

0.124

0.145

0.165

0.185

We wish to draw attention to the remarkable agreement
between predicted and experimental energies of levels with
I & —", in the —,[532] and —,

' [521] bands. It should be
stressed that these states were not included in the parame-
ter fit and these levels have experienced large shifts from
their unperturbed positions (bF= —1820 keV for the—", —', [521] level). The particular decoupled structure of
the —', [521] band can be understood in the following way.
The positive decoupling parameter of the —,'[530] band
causes a depression of the (I+—,

' )-odd states in this band.
As a result, these states approach the unperturbed posi-
tions of corresponding states in the —,'[521] band. A
strong Coriohs interaction takes place and the I=
—", , . . . members of the latter band get strongly depressed.
On the other hand, the (I+—,

' )-even states of the —', [521]
band do not suffer this strong downward pressure from
the —,

' [530] states and ultimately the repulsion from the

f7/2 states dominates. The effects of this sort of coupling
are clearly reflected in the alternating size of the —,

' [530]
and —,'[532] components in the wave functions of the
I= —,', —", , —", , . . . members of the —,

' [521]band. Our cal-
culations contradict the interpretations of the —,, —,, and

11 13

—", states of Ref. 23. But we noticed that we would obtain
comparable results if the —', [523] state were forced down
significantly. We have also observed that no further im-
provements were obtained by including the —,[521] state
from the p3/2 shell in the calculation.

A convincing interpretation for the low-spin states pop-
ulated by (n, y) above 400 keV cannot be offered at this
moment because of the scant experimental data available.
Presumably, they are to be identified with Nilsson config-
urations in the p3/2, pi/2, and f5/2 sheQs (Fig. 8), though
these excitations would be found at somewhat higher en-
ergy in the present model. The assigntnent of —", [505] to
the 261.1 keV level is well founded by virtue of its isomer-
ic character (Ti/2 ——1.4+0. 1 psec), ' the fine agromnent
with theoretical transfer spectroscopic factors, ' and its

systematic occurrence in neighboring Sm, Gd, Dy, and Er
isotopes. None of the rotational band members based on
this level have been observed in our experiments, given
their large spin values. Nor is this configuration of any
consequence for the other states discussed in this section.
For the sake of completeness, however, we list the results
of our Coriolis calculation for the —", [505] band in Table
XVII. There is an excellent agreement with the experi-
ment, although the only free parameter was the effective
moment of inertia. Three configurations from the h»/2
shell were allowed to interact in this calculation: —", [505],
—', [514], and —,[523]. The rotational parameters obtained
from the fit were

/1 =17.0 keV,

8= —13.7 eV .

The spin dependence of the moment of inertia contained
in the 8 term is essential to obtain this substantial im-
provement over previously published calculations. '

V. CONCLUSION

In this work we have combined a number of comple-
mentary experimental techniques and used the available
theoretical tools in an attempt to further the understand-
ing of the highly puzzling low-energy structure of transi-
tional ' 'Sm. In the energy range from x-ray energies up
to 500 keV and higher, where the bulk of the y transitions
from the ' OSm(n, y) reaction are located, the resolution
and precision of curved-crystal spectrometers is unrivaled.
This has made it possible to completely resolve many
complex structures, most notably those made up of transi-
tions involving the closely spaced levels around 168, 663,
and 822 keV. The level scheme has been firmly establish-
ed and level energies have been obtained with much
enhanced precision. Taking into account all previous
studies and the results from (n, y) and (n,h, e ) experi-
ments contained in this paper, spin-parity assignments for
most levels below 1 MeV have been narrowly defined.
Moreover, many new proposals for levels, spin-parity
values, and decay patterns have been made.

It has been demonstrated, through improved particle-
rotor model calculations, that the positive-parity states are
adequately described as moderately mixed configurations
originating from the spherical i/3/2 and 13/2 (%=4)
shells. Considering the remaining discrepancies in the de-
cay of some of the levels higher up in energy, it must be
concluded that their interpretation still is uncertain. Con-
ceming the negative-parity states, it is observed that the
present calculations provide a satisfactory description for
the high-spin levels of the ground state band, the partly
decoupled h9/2 band, and the —", [505] band. Moreover,
in spite of the tangled structure of low-energy low-spin
states, an acceptable picture starts to emerge which is
based on a virtually complete mixture of configurations
from the spherical f7/2 and h9/2 shells. Problems are en-
countered relating to the position of the 168.4 keV level
and the y decay involving the levels at 69.7 and 209.0
keV. Finally, as far as the many excitations at higher en-
ergy (E &600 keV) are concerned, more experimental
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work is called for in order to provide signatures that
would relate these states to model interpretations.
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