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Yrast states in "Yb have been identified to spin and parity J = 2S at 740S keV using the '"Sm{"0,4n)'"Yb
{E= 70-120 MeV) and '"In{"Ti,p2n)'"Yb {E= 190-210 MeV} reactions together with standard y-ray
spectroscopic techniques. Evidence was found for additional transitions extending to J-30 at 9464 keV. One isomeric
state was observed with J = 11 at E„=3028 keV, having T«, ——6.0+O.S ns, The structure of this nucleus is
compared with that of other N = 86 isotones. It appears that most of the features can be described in terms of
relatively simple shell model configurations in a nearly spherical {~P ~

&0.1}potential.

NUCLEAII REACTIONS 4 Sm( 0, 4s) YbE =70-120 MeV In( Ti, P2n)
Yb E =190-210 Nev. Measured E, I&, linear polarizations, p-y, y-x-ray,

7-charged particle coincidences, pu/sed beam lifetimes. Deduced level ener-
gies, branching ratios, spin and parity assignments, multipole mixing ratios, '

electromagnetic transition strengths. Ge(Li) detectors. Enriched targets.
Comparison with systematic trends.

I. INTRODUCTION

The suggestion by Bohr and Mottelson' that at
very high spin nuclei may attain oblate shapes and
exhibit isomerism has stimulated a host of ex-
perimental and theoretical studies aimed at ob-
serving such phenomena~ understanding the
isomeric structure in detail. While an island of
isomers was found' with A -150, incontestable
evidence for this type of oblate deformation re-
mains elusive. However, a wealth of interesting
nuclear structure features has been uncovered,
especially among those nuclei with a few valence
nucleons in excess of the effective double shell
closure at Z = 64, N = 82.' The isomers appear to
be simple shell-model ones involving low energy
transitions with approximately single-particle
rate electromagnetic decays. Important nuclear
structure information has emerged through mea-
surements of their electromagnetic moments. 4' '
The existence of these isomers has also made
possible the study of very high spin states and the
continuum via prompt-delayed y-ray coincidence
techniques. ' '

The investigation of discrete states to excitation
energies as high as E„-12MeV and spin J)37K
has been possible in several nucl. ei because of an
unusually high population of yrast states at angu-
lar momentum J&30k. The mechanism for this
process is not clear at present, but is the subject
of several studies. ' ' In particular, the N = 86
isotones '"Gd, '"Dy, and '"Er (Refs. 9, 6, and
10, respectively) have been examined in detail.
Several features, even at high excitation and spin,

appear to arise from relatively simple few-par-
ticle shell model configurations in a nearly spher-
ical (~ P(s 0.1) potential. " In order to trace these
features across a wider range of isotones the
g =70, N=86 nucleus '"Yb has been studied and is
discussed in this paper. No excited states in
'"Yb were known at the onset of this work, so a
preliminary identification of the y rays from this
nucleus was needed and is described in Sec. II.
Section III presents the results of these experi-
ments. The structure of '"Yb is discussed and
compared with N = 86 systematics in Sec. IV.

II. EXPERIMENTAL METHOD

Since excited states of '"Yb had not been pre-
viously reported, an investigation of all y rays
produced from the "0+'"Sm reaction was nec-
essary to establish those transitions which origi-
nated from the decay of levels in '"Yb. A variety
of techniques were used, as calculations using the
evaporation codes ALIGE (Ref. 12) and cAscADE
(Ref. 13) indicated that neutron, proton, and alpha
particle emission were all significant in deexciting
the compound nucleus. A measurement of the rel-
ative y-ray yield as a function of energy was made
by bombarding a ~'Pb backed, 3.5 mg/cm' '"Sm
target (enriched to )96%) by 80-120 MeV "0
beams. This allowed y rays to be grouped into
categories associated with 2, 3, or 4 particle
evaporation. Further specification was accom-
plished by detecting alpha particles and protons
in coincidence with y rays. The charged particles
were detected by a 978 p, m thick fully depleted Si
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surface barrier detector which was shielded from
electrons and scattered beam particles by a Ni
foil. X rays were detected with Ge(Li) detectors
and measured in coincidence with gamma rays to
provide conclusive Z assignments. The combina-
tion of these techniques allowed the assignment
of transitions to the nuclei '"''Yb and '"''Tm, aB
of which were previously unknown. A full analysis
of the data on the odd A nuclei '"Yb and '"Tm is in
progress and will be presented separately. The
optimum "0beam energy for producing '"Yb rel-
ative to other nuclei mas found to be 107 MeV.

States in '"Yb were also populated using the
"'In("Ti, P2n) '"Yb reaction [E(48Ti) =150-210
MeV] in order to confirm the assignments. An

attempt was made to observe the p' decay of
'"Lu populated via the "'In("Ti, 3N) '"Lu reac-
tion by interrupting the beam with a mechanical
chopper. No y lines associated with '"Yb were
observed in the "beam-off" periods, presumably
because the decay is dominated by an O. -decay
branch from both '"Lu ground and isomeric
states.

Gamma-gamma coincidence data, collected with

both continuous and pulsed beams, mere used to
construct the decay schemes of the new nuclei
produced. These data were taken using the "0
+ '"Sm reaction at 107 MeV. The pulsed beam
studies were made with bursts of 6 ns full width
at half maximum (I WHM) repeated every 500 ns.
Multiparameter data were sorted online and stored
on tape. Subsequent analysis revealed the location
of previously unreported isomeric states in sev-
eral nuclei.

Angular distribution measurements were made
at 105 and 113 MeV at eight angles in the range
70-160' with respect to the beam direction. A

separate experiment was required to measure the
angular distribution of the 72 keV line in '"Yb,
as intense x rays from the Pb target backings and
beam stops totally obscured this transition in
normal singles spectra. For this measurement
a target of 2.4 mg/cm' '"'Sm was used, backed by
a 3.5 mg/cm' '"Sn foil. With this target backing
neither x rays nor y rays from the "Q+'~Sn in-
teraction were found near 70 keV. To improve
the resolution for low energy transitions an in-
trinsic germanium planar detector 10 mm thick-
ness and 650 eV resolution at 122 keV was used
in place of the 15-22% efficiency true-coaxial
Ge(Li) detectors (with resolutions&2. 0 keV at
1.33 MeV) used in all other parts of these studies.

Gamma-ray l,inear polarization measurements
were made using a 2-Ge(Li) Compton polarimeter
which has been described previously. " This ap-
paratus was calibrated with y rays from the
'MNd("C, Sn)'58Dy reaction at 75 MeV, which had

been studied previously in this laboratory. " The
strongly populated ground state band allowed cal-
ibration through the study of stretched E2 decays
in the energy range 218-678 keV. The sign con-
vention used in data analysis was that of Fagg
and Hanna. " In this range the sensitivity of the
apparatus, Q, was found to be a constant fraction
of the sensitivity predicted by the Klein-Nishina
formula derived for point detectors in this geom-
etry. The sensitivity was

Qexyf 0 57 +0 07 'QKN

Final analysis involved the elimination of multiply
scattered and escape events by ensuring that the
coincident gamma ray energies satisfied the kine-
matical constraints for single Compton scatter-
ing in the experimental geometry.

III. RESULTS

A selection of yield curves for y rays identified
in this experiment is shown in Fig. 1. Transitions
in ""Yb, '"'Tm, and '~'Er are displayed and com-
pared with the predictions of the evaporation code
CASCADE. The initial use of this program in an
"all defaults" mode resulted in a mean difference
in peak yield betmeen experiment and calculation
of more than 10 MeV. However, an adjustment of
the calculated Coulomb barrier to reproduce re-
cent experimental measurements" and the use of
empirical" rather than liquid drop masses re-
duced the mean difference between calculation and
experiment to less than '7 MeV. For clarity of
comparison the experimental and calculated yield
curves in Fig. 1 are normalized at the peak of the
3n evaporation channel at 92 MeV. The strongest
lines associated with these nuclei are also given
in Table I.

A strong cascade of 13 transitions was observed
in '"Yb, together with several weaker y rays.
Figure 2 shows these transitions in a spectrum
containing the sum of selected y-y coincidence
projections from windows set on y rays found only
in this nucleus. Establishing the correct sequence
of levels in this cascade presented some difficul-
ty, particularly near E„=6.2 MeV where similar
intensities populating and depopulating states in-
dicated very little sidefeeding. However, the
final decay scheme deduced from cross bombard-
ments, relative yield curves, and singles and co-
incidence intensities is shown in Fig. 3.

The pulsed beam data revealed one isomeric
state in '"Yb at 3028 keV. High lying transitions
mere found to occur promptly with respect to the
beam bursts indicating half-lives of less than 3 ns,
while the y-beam pulse time distributions of low-
lying levels all exhibited a half-life component of
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FIG. 2. A representative spectrum of y rays from ~ Yb formed from the y-y coincidence data. The dispersion is
0.71 keV per channel.
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FIG. 3. The decay scheme of 58Yb. Transition in-

tensities are corrected for internal conversion. The
error on y-ray intensities is less than 5 with the ex-
ception of that of the highly converted 72 keV line which
is + 20%. Some doubt lies over the relative ordering of
the 647 and 807 keV members of the main cascade
which is discussed in the text.
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FIG. 4. A sample of the pulsed beam data to illustrate
the decay of the J =11 isomer at 3028 keV. The spec-
trum shown is a time distribution of y rays detected in
a Ge(Li) detector following a beam burst. Typi. cal
prompt and delayed distributions are shown.
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TABLE II. A compilation of properties of p ray transition in Yb. Included are initial
and final energy levels, y-ray energies, angular distribution coefficients, linear polariza-
tions, and multipolairty assignments. Transitions marked (a) in the polarization column were
members of complicated multiplets in the singles spectra preventing any measurement of the
y-rays properties; levels marked (w) were too weak to allow extraction of a reliable polariza-
tion.

536
1144
1728
2273
2956
3028
3571
3816
4475
4975
5285
5576
6223
6845
7029
7405
8029
8185
9149
9464

Eg

0
536

1144
1728
2273
2956
2956
3028
3816
4475
4975
4975
5576
6223
6223
7029
7405
8029
8185
9149

536.4 + 0.1
607.3 + 0.2
584.8 + 0.1
544.1 + 0.1
683.9 + 0.1
71.8 + 0.1

614.5 + 0.2
787.5 + 0.1
659.3 + 0.1
500.0 + 0.1
310.9 + 0.3
600.6 + 0.1
646.9 + 0.1
622.1 + 0.2
806.7 + 0.1
375.7 + 0.1
624.2 + 0.2
155.7 + 0.3
964.4 + 0.5
315.3 + 0.3

a2

+0.24(2)
+0.23(3)
+0.23(1)
+ 0.28(2)
+0.27(3)
-0.31(5)

-0.29(2)
+0.27(3)
+0.34(3)
+ 0.24(5)
+0.26(2)
+0.30(4)

+0.38(6)
+0.44(7)

—0.31(12)
+ 0.41(12)
-0.32 (18)

a4

-0.12(3)
—0.11(4)
-0.12(2)
-0.13(2)
-0.10(5)
+0.09 (7)

-0.07(3)
-0.06(5)
-0.09(4)
-0.02(3)
-0.04(3)
-0.03(2)

-0.04(9)
-0.16(12)

+0.11(16)
-0.10(20)
-0.03(2)

& (90)

0.44(2)
0.58 (2)
0.40(5)
0.57(15)

(+)

(a)
0.69 (4)
0.78 (5)
0.79(9)

(+)
0.50(4)
1.00(20)

(a)
0.62 (7)
0.44 (11)

(a)
(w)
(+)
(w)

J% ~J1ff

2+ 0+
4+ 2+
6+ — 4+
8+- 6+

10+ — 8+

ll —10+
(12+) —10

13 -11
15 -13
17 -15

A, =2
19 —17
21 -19

23 -21
25 —23

A, =l
A, =l
A, =2
X=1

ments of spin and parity from the ground state to
the J'=10' state at 2956 keV were straightfor-
ward, but all higher assignments depended on the
multipolarity of the 71.8 keV transition from the
3028 keV state. The angular distribution of the
y-ray part of this decay was measured and indica-
ted a EJ=1 decay with a mixing ratio 5=0. The
average alignment deduced from the E2 decays
above (787 keV) and below (684 keV) this transi-
tion was o/J = 0.25. This value was taken to ex-
tract" a mixing ratio of 5 = —0.07 +0.04. In addi-
tion, the intensity of the unconverted part of the
decay was measured relative to other '"Yb lines.
The total intensity of this decay must be greater
than that of the 787 keV line, while the sum of this
and the intensity of the (12') 615 keV decay must
be less than the 684 keV intensity. These limita-
tions bracket the total conversion coefficient as
1.28~ 0. 1 1

~ 3.98. Using the tables of conversion
coefficients calculated by R5sel et al."one cal-
culates that this restriction limits the multipolar-
ity of this decay to an E1/M2 mixture with 0.06
~ 5~0.18. These estimates of mixing ratio agree
rather well if the intensity of the 71.8 keV decay
is slightly larger than that of the 787 keV transi-
tion and correspond to electromagnetic transition
strengths of B(Z1)= ll +1 mW. u. and B(M2)
=4~,' W.u. These measurements fix the spin and
parity of the isomer as J ' = 11 .

Above the isomer a series of negative parity
states was found which decay through a cascade of
E2 transitions. The highest state in this sequence
at 7405 keV has J"= 25 . Using the 0+ Sm reac-
tion at 107 MeV the decay from this state had 15%
of the '"Yb 2'-0' strength. However, above this
point the intensity of population of l.evels decreased
sharply and all higher assignments must be con-
sidered tentative. A 624 keV y ray was found in
coincidence with all lower lines, but was contami-
nated in singl. es data by the strong 6'-4' 625 keV
decay in '"Er. A tenta. tive dipole assignment was
made on the basis of directional correlation ratios
measured in the y-y coincidence study. Higher
lying transitions of 156, 315, and 964 keV energy
were clear in coincidence windows set on the up-
per members of the main cascade. They were in-
dividually too weak to be conclusively shown to be
in mutual coincidence, although their relative in-
tensities support this suggestion. Sidebranches
with energies of 614, 311, and 622 keV were ob-
served joining the yrast sequence at spin J=10,
17, and 21 but these transitions were also too
weak to investigate thoroughly.

IV. DISCUSSION

No shell model calcul. ations have been published
specifically for '"Yb, and the quality of agree-
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ment between calculation and experiment is poor
for those N = 86 isotones which have been studied
in detail. " These calculations use a deformed
potential (of harmonic oscillator or Woods-Saxon
type) with a deformation parameter which can
be varied to minimize the energy of each config-
uration. The residual interaction of nucleons in
the same shell is neglected, and probably because
of this the calculations reproduce only the gross
features of the level schemes and provide some
indications as to which configurations are yrast.
A fruitful empirical. approach to understanding
the level structure in this region has been taken
by Kleinheinz et al."who used one- and two-par-
ticle spectra from nuclei adjacent to '"Gd (Z = 64,
N = 82) to construct the level schemes of other
nuclei in this area and to deduce the dominant
components in level wave functions. While this
approach loses validity as one moves away from
the shell. closure, it has provided useful guide-
lines for understanding the ¹86systematics,
especially among the higher spin states where
relatively few configurations can contribute to the
structure of each level.

The simplicity of the decay scheme of "'Yb,
when compared to the other even N = 86 isotones,
is striking. Almost all the states populated by
the heavy ion reactions used in this work decay
through a single series of levels. This is mani-
festly different from neighboring isotones '"'Gd,
'"Dy, and '"Er in which both positive and nega-
tive parity high spin sequences are well develop-
ed, as are low spin, low excitation negative par-
ity states. Two underlying features which vary
smoothly with Z across the Y = 86 isotones may
be identified as the cause of this apparently sudden
change in level schemes. Firstly, proton configu-
rations, especially the highly aligned ones such
as (h»~, )z, », are found at highest excitation in
the semimagic nucleus '"Gd and lie regularly
lower with increasing Z in '"Dy and '"Er. In
contrast, low spin negative parity states are
found at lowest excitation in 'MGd and at regularly
higher excitation with increasing Z. The combi-
nation of these two effects gives '"Yb a, very
clear-cut yrast sequence which carries almost
all of the decay intensity. The cause and influence
of these trends is discussed in more detail in the
following paragraphs.

In '"Yb, as in all theN =86 isotones, the low-
lying positive parity levels J=2', 4', and 6' are
rather evenly spaced with gamma transitions E
= 600 keV. Many configurations may be admixed
into these states and their wave functions are
complex mixtures of neutron (f,~,h, ~,i»~,)' and
proton (h»~, )' configurations. Although '"Yb,
with the N = 84, (k»~, )' spectrum, is not known,

one may surmise from the (h„&,)' and (h &
)~

spectra of '"Er and '"Dy (Refs. 22 and 23, re-
spectively) that proton configurations contribute
only small amplitudes to low spin states, but
probably contribute significant admixtures for
4& 8. The compression of the low spin (J= 2'
-10') positive parity spectrum across the N = 86
isotones may be attributed to an increase of pro-
ton admixture with the increasing number of val. -
ence protons.

The fact that low-lying negative parity states
built on octupole core vibrations are not seen in
'"Yb may be attributed to the blocking of shell
model orbits above the Z =64, N =82 effective
shell. closure. In '"Gd, the closed shell nucleus,
the h»» proton and f,~„h»„andi »~, neutron
orbits are vacant and a very collective octupole
phonon state [B(E3)=3?a 4 W.u. ] is found" as
the first excited level. . The addition of four neu-
trons to form "'Gd blocks some of the 1p-1h neu-
tron excitation and hence reduces collectivity,
but a J' = 3 state is still clearly developed. The
measurement of nuclear g factors in '" '"Gd by
Faestermann et aL" indicate that this state is
dominated by a (h» ~, d, ~, ') 1p-1h configuration.
However, in '"Dy, '"Er, and '"Yb the kyy/, pro-
ton orbit becomes successively fuller and par-
ticle-hole excitations are more completely
blocked. Consequently, the 3 state (and configu-
rations built on it) are forced to lie high above
adjacent yrast levels and cease to be seen. In
'"Dy J= 5,7, 9 states a,re seen; in "'Er only
J=7 and 9 appear; while in '".Yb, none of these
levels are found. This is probably because the
9" state lies above the 11 isomer and so is not
in the yrast sequence.

In contrast to the low spin negative parity
states, a J"=11 level is seen in all of theN=86
isotones which have been studied in detail. The
excitation energy of this state is almost constant
in these nuclei and so presumably arises from a
neutron configuration. The lowest energy state
that may be formed this way is the aligned
v(h, ~,f»~, )»- configuration. The separate des-
cription of low and high spin negative parity states
was originally put forward by Vogel."and appears
to be supported by these systematic trends. TheJ' = ll state is isomeric in '"Dy(t, &, =4 ns),"
'"Er(t», =40 ns),"and '"Yb(t, ~, =6 ns).

Built on the J "=11 isomer is a sequence of
levels connected by E2 transitions which extends toJ"= 25 . The decreasing energy spacing of the
first three states is reminiscent of a j' multiplet
and suggests further neutron alignment which
culminates in the [(f,~,'),+ 4tI (h», i »&,)» ]

„

configuration. However, the ratio of level spa-
cings E(1? -15 )/E(1? -11 ) is about twice that



2084 C. J. LISTER et al.

which one calculates for an f»ss multiplet using a
5 interaction, or which is experimentally observed
in f,is' spectra .Such a change from the charac-
teristic pattern may be an indication these con-
figurations are not pure.

Above the 17 state at 4975 keV, which involves
nearly full neutron alignment, one may expect
proton-excited configuration to play a more signi-
ficant role. The 19 states in '"Qd and '"Dy
clearly have a very different structure from that
of the 17 levels as they decay only to the 18'
states with no 19 -17 branches observed. In
contrast, in '"Er and '"Yb, the 19 -17 transi-
tion is the only one observed with no detectable
branches to positive parity states. This change
may be attributed to the decrease of excitation
energy of proton configurations with increasing
Z, which lowers the energy of the J"=19 state
to a point where decay to high spin positive parity
states is energetically unfavorable and, at the
same time, leads to the 17 states having larger
proton amplitudes.

It has been pointed out by Baktash et al." that
built on the J'=19 state in "4Er (and J'=21 in
'"Gd and "'Dy) lies a sequence of states which
correspond very closely to the J"=0', 2', 4', 6'
series in their respective N = 84 isotopes. This
observation was attributed to the near maximum
alignment of the valence particles culminating in

I: s(~ax/s)s+, is+ @ "(hs/ss |sister-(fv/s )s+1ss-, s7 ~

The data for '"Yb partially support this explana-
tion. Feeding the 19 state lies a sequence of
gamma rays with transition energies of 807, 647,
and 376 keV. These transition energies are very
similar to those found in the f, i,' multiplets seen
in the lV' = 84 isotopes. "'" However, to provide
the necessary intensity balance to confirm this
sequence, a 7029 to 6845 keV transition of 184
keV in parallel with the 807 keV decay would be
required of intensity 1 unit relative to the intensity
(2'-0') =100 transition. In "'Er the correspond-
ing decay has been found to have an M1 multipol-
arity (Ref. 29) which reduces the gamma intensity
due to internal conversion. No evidence could be
found for such a decay in this work, neither in

singles nor in coincidence data, although the tran-
sition would be at the limit of sensitivity. Conse-
quently the unusual level order displayed in Fig. 3
reflects the experimentally observed intensities.

The systematics of the N = 86 even-even nuclei
(for example, manifestation of level spacings
typical of j' configurations in a nearly spherical
potential) suggest that the quadrupole deformation
is not very large (Ref. 11). This would be in con-
trast with recent measurements of some quadru-
pole moments in '"''"Gd by HaOsser et cl.' who

have concluded that (oblate) deformation increases
with span and becomes as large as P = —0.2 for
the J ='-,' isomeric state in '"Gd. However, a
recent calculation by Dossing et al."shows that
although quadrupole deformation may reach values
as high as —0.2 for the high spin states in the
N = 82 nuclei, it generally decreases with increas-
ing neutron number, and ranges around iPi ~0.1
for the N = 86 nuclei. In the N = 82 region, Klein-
heinz et al. have successfully interpreted the low-
lying yrast and near-yrast states in terms of sim-
ple shell model configurations in a spherical basis
(see, e.g. , Ref. 3). The measured and calculated
deformation for some of these states range around
0.05. It therefore seems that despite the presence
of some deformation in the N =86 nuclei, similar
shell model calculations may provide a useful in-
sight into the structure of the yrast high spin
states in these nuclei, and in particular identify
the main component in their wave functions.

Above J"= 25 the observed population of states
falls rapidly. A similar, although less marked
decrease is also observed in '"Er. Candidates
for levels with spins up to J-30 have been found
in this work but their population was too weak to
extract structural information. Presumably the
production of '"Yb with reactions induced by heav-
ier ions would increase the population of high spin
states. However, competition from other reaction
channels makes the y-ray spectra very complex
and presents the main barrier to learning more
about the states at higher excitation.

V. CONCLUSION

The principal y decays in '"' 'Yb and '"' 'Tm
have been identified. High spin states have been
observed in '"Yb to spins near J=30. Many sys-
tematic trends observed in other N = 86 isotones
were followed here, and are explicable in terms
of simple shell-model configurations in a nearly-
spherical ( i pi 6 0.1) potential. The interpretation
of these data, and those recently obtained for
many other nuclei in this region would be greatly
helped by conventional shell model calculations in
a spherical basis. It is hoped that this work en-
courages progress in that direction.
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