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High-spin states in ' ' Er and ' "Tm have been studied via the ' Sn( Ar, 5,4n) and
' 'Pr( Ne, 5,4n) reactions, respectively, using in-beam gamma-ray spectroscopy techniques which in-

cluded y-y coincidence, angular correlation, angular distribution, excitation function, and multiplici-

ty measurements. The favored (m=+, a=+ 2 ) i»z& neutron band in ' Er has been established up

to the 2 level (Ace=0. 417 MeV), and the favored (~= —,a= —~) and unfavored (m= —,S3+ 1

o,'=+
2 ) h»&2 proton bands in "Tm, up to the 2 (A'co=0. 454 MeV) and z (Ac@=0.480 MeV)

levels, respectively, i.e., well above the range of rotational frequency Am where a second backbending
has been observed in the neighboring even-even nuclei. In "Er, the yrast levels have been observed

up to 38+, and in ' Tm, up to 25 . The favored i&3/p band of the odd-N nucleus ' Er displays a
strong upbending at Ace=0. 40 MeV, whereas, in the two branches of the hll&2 yrast band of the
odd-Z nucleus ' Tm, no alignment effect has been observed between Ace=0. 27 and 0.48 MeV. The
experimental results have been analyzed in the framework of the cranked shell model. On the basis
of blocking arguments and cranked shell model calculations, the obtained results show that the
second backbending in the yrast band of even-even nuclei near A =158 is due to an h~»2 proton
alignment. The signature splitting of the intrinsic excitation energies (Routhians) and aligned angu-
lar momenta in ' Tm has been reproduced in cranked shell model calculations by introducing a tri-
axial deformation. The observed steep rise of the 8(M1)/Qo values in the favored and unfavored
bands of ' Tm are consistent with an increase of ~gx —gz ~

at the first backbending due to the
alignment of a neutron pair around %co=0.27 MeV. The evolution of the kinematical and dynami-

cal moments of inertia at very high rotational frequencies (Ace & 0.50 MeV) yields information on the
nuclear pairing correlations in this frequency range.

I. INTRODUCTION

With the advent of high-energy heavy-. ion beams and
improved y-ray detection techniques, it has become possi-
ble to study excited states in collectively rotating nuclei up
to very high spins. One of the most striking features that
showed up in these investigations is the so-called second
backbending. Since its discovery' in the yrast band of

Er around spin 28, it has also been observed in
several other even-even nuclei near %=90, i.e &60Yb,

Er, and ' Hf
It was first suggested by Faessler and Ploszajczak that

the second backbending in these nuclei is due to the rota-
tion alignment (RAL) of a pair of h ~~/q protons along the
axis of collective rotation. Indeed, the first backbending
observed in many deformed even-even nuclei of the rare-
earth region has been shown to arise from the RAL of a
pair of i&3/p neutrons. This explanation, first put forward
by Stephens and Simon, has later been confirmed experi-
mentally by Grosse, Stephens, and Diamond ' who inter-
preted data on the yrast bands of the odd-neutron nuclei

Er and of the odd-proton nuclei ' ' ' 'Ho on the
basis of blocking arguments. Although several theoretical
works, among which cranking Hartree-Pock-Bogoliubov
(CHFB) calculations" and cranked shell model (CSM) cal-
culations, ' strongly suggest the h~~~2 proton nature of
the second backbending observed in the above-mentioned
mass region, some authors claim that this phenomenon

could be due to the RAL of an h9/2 neutron pair, at least
in ' Er. ' There has been so far no experimental evi-

dence that could help in solving this controversy by iden-
tifying unambiguously the nucleon pair involved in the
second backbending near X=90.

In the present work, we report on an experimental in-
vestigation of the yrast bands in the odd-neutron nucleus

«Er89 and &n the odd-proton nucleus 69 Tm90, up to the157 159

range of rotational frequencies where the second back-
bending has been seen in the neighboring even-even nuclei
(fico=0.40 MeV). These two odd-mass nuclei were select-
ed because both of them lie between even-even nuclei that
are known to display a second backbending, i.e., ' Er and

Er for ' Er, and ' Er and ' Yb for ' Tm. Both nu-
clei have been studied previously at low and medium
spins: the favored band in ' Er has been investigated up
to the level with I =—",', ' and the favored and un-

favored bands in ' Tm up to the levels with I
and —", , respectively. ' In our work, we have extended

53 +
these bands by in-beam y-ray spectroscopy up to —, in

Er, and —, and —,
' in ' Tm, corresponding to rota-

tional frequencies well above the critical value for the
second backbending.

We have interpreted our data in the framework of the
CSM (Refs. 12 and 16) with special emphasis on the
blocking effect. We have definitely confirmed the proton
origin of the second backbending in the nuclei near
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%=90. Furthermore, our data give strong evidence for a
triaxial shape in the nucleus ' Tm and for a change of its
magnetic properties at the first backbending, as well as in-
forrnation on the nuclear pairing correlations above
Ace=0.50 MeV in the nuclei near 3=158. Finally, we
have also obtained in our experiments information on
high spin states in the even-even nucleus ' Er and in the
odd=odd nucleus ' Tm.

Preliminary results from the present work have already
been published elsewhere. ' ' Recently, similar and in-
dependent measurements have been presented on the nu-
cleus ' Tm by Riedinger et al. ,

' and on the nucleus
Er by Riley et al. . The results of these authors will

be compared to our experimental data.
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II. EXPERIMENTAL TECHNIQUES
AND DATA REDUCTION

Excited states in ' Er were populated by the
Sn( Ar, 5n)' Er reaction, with Ar beams of various

energies between 160 and 200 MeV. A stack of five self-
supporting metallic tin foils of 400 pg/cm, enriched to
95% in ' Sn and separated by 0.6 mm spacers, was used '

as the target in all experiments involving the nucleus
Er. This particular arrangement allowed us to study

the y decay of the nuclei in flight, thus avoiding the line
broadening due to the Doppler shift attenuation (DSA) ef-
fect in thick materials, which is important for the very
short-lived (( I ps) high-spin states. For the nucleus

Er, y-y coincidences, y-ray multiplicities, and relative
excitation functions were measured yielding transition en-
ergies, relative intensities, and multipolarities. In these
experiments, information on the nucleus ' Er, arising
from the 4n reaction channel, was also obtained as a by-
product.

The energy levels of ' Tm were studied by the
' 'Pr( Ne, 4n)' Tm reaction, with Ne beams of 110 and
120 MeV. Here, a stack of four self-supporting equally
spaced (0.6 mm) metallic praseodymium foils of 1.3
mg/cm was used as a target. Because of the high chemi-
cal reactivity of this metal, the foils were coated on both
sides by a thin (=15 pg/cm ) nickel layer. For the nu-
cleus ' Tm, y-y coincidences were measured, as well as
angular distributions with a thick (36 mg/cm ) praseo-
dymium target. In these experiinents, data on the odd-
odd nucleus ' Tm were also obtained via the Sn reaction
channel.

All measurements were carried out at the Cyclone ac-
celerator facility of Louvain-la-Neuve, using the newly
developed electron-cyclotron resonance (ECR) contin-
uous-current heavy-ion source ECREVIS. '

A. The y-y coincidence measurements

Experimental setup

The experimental setup used in the y-y coincidence
measurements is shown in Fig. 1. It included (a) four 60
cm Ge(Li) detectors with an efficiency of about 12%,
with respect to a 7.6&&7.6 cm NaI(T1) scintillator and a
resolution of 2.2 keV at 1.33 MeV, placed at angles of 0,
90', 150', and —150' with respect to the beam axis; and (b)

Ge(Li) ga'

lead shield

beatI)

Ge {Li)150

perspective view

FIG. 1. Experimental setup used in the y-y coincidence mea-
surements described in Sec. IIA1.

a multiplicity filter, consisting of six 7.6 X 7.6 cm
NaI(T1) detectors whose axis was at —90'. The residual
heavy ion beam was stopped 40 mm behind the target, in
a thick (127 pm) natural lead foil. The various detectors
were shielded against the x-ray flux produced by the beam
impact on this stopper foil by absorbers consisting of 0.1
mm Ta, 0.6 mm Cd, and 0.5 mm Cu foils for the Ge(Li)
detectors, and of a 1 mm Cu foil for the NaI(TI) detectors.

In the coincidence experiments, two out of the four
Ge(Li) detectors were required to fire in coincidence with
each other, and with at least one out of the six Nal(T1)
counters, as well as with a cyclotron beam burst. Using
standard fast-slow electronics, four-parameter events, in-
cluding the energies observed in the two Ge detectors that
fired, the number of firing NaI(T1) counters (fold), and the
timing information (b, t&~ z2), were written onto magnetic
tape for off-line analysis. During the experiments, singles
and some coincidence, spectra were accumulated in the
computer for monitoring purposes. For each run, roughly
200)& 10 events were recorded in this way.

The amplifier gains of the four Ge(Li) detectors were
approximately matched taking into account the angle-
dependent Doppler shifts. The detectors were energy and
efficiency calibrated using standard (' Ba and ' Eu) y-
ray sources.
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2. Analysis of the coincidence data

In ihe off-line analysis of the coincidence data, the
four-parameter events (Er&, Erq, fold, b, tz, z2) were sort-
ed into Ez~ XE&2 matrices of 2048 X2048 channels, with
a dispersion of about 0.75 keV/channel. During the pro-
cessing, the approximately matched energy scales of the
Ge(Li) detectors were precisely readjusted to a common
scale, in order to preserve the original energy resolution.
The resulting coincidence matrices were furthermore
corrected for random coincidences, and finally sym-
metrized, to enhance the statistics and to simplify the
later analysis.

In a typical y-y coincidence experiment with bare
Ge(Li) detectors, only about 2%%uo of the recorded events
are photopeak-photopeak events; the rest, i.e., about 98%,
involve Compton scattering in at least one of the two
detectors. This means that meaningful structures may be
hidden in a continuum of mostly "uncorrelated" events.
A numerical method has been proposed by Andersen
et al. , which allows the almost complete removal of the
Compton events from the coincidence matrix. This
method is based on the assumption that the probability of
obtaining an event at energies (E;,E~ ) in the two-
dimensional plane of coincidences is given in first order
by (gk&~g&Xtj)/(gk&Xtk), where Ã~J represents the
number of events in the channel (i,j) of the matrix. The
number of non-photopeak-photopeak events in this chan-
nel (N~z) can therefore be estimated by calculating the
product of this probability by the total content of the ma-
trix, i.e., gk&%ik. Again in first order, the number of
photopeak-photopeak coincidences is then given by
b,X,

&
——X;J —X;J.. A better estimate of this number can be

obtained by subtracting the absolute value of the first or-
der result (b,Xs ) from the raw matrix (Ã~l) before calcu-
lating X,z. Applying this method repeatedly leads to an
iterative procedure in which the step n ~n + 1 reads

This improved method, which was first proposed by
Herskind, can be applied until consecutive steps show no
significant deviations anymore.

The uncorrelated continuum was subtracted iteratively
from all the coincidence matrices accumulated in this
work before setting gates on discrete transitions. Conver-
gence was usually reached after about SO iterative steps.
From the corrected matrices, spectra coincident with
discrete transitions were constructed by projecting an ap-
propriate number of rows (or columns) onto the corre-
sponding axis, and by subtracting a spectrum resulting
from a gate placed on the residual continuum near these
transitions. Although subtracting -the uncorrelated con-
tinuum prior to placing the gates does not reduce the sta-
tistical errors, we have found that it simplified the
analysis and 1owered the systematic errors due to possibly
inadequate choices of the background gates. Figure 2
shows an example of the improvement one can obtain by
this method.
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FKJ. 2. Comparison between the coincidence spectra before
(lower) and after (upper) the application of the background-
substraction method described in Sec. IIA2. The gate is set on
the 266.36 keV, 2 ~

~ transition in ' Er, and the pro-
cedure has been iterated 50 times.

300 i 00 500 600 700

The y-y coincidence measurements also yielded infor-
mation on the multipole character of the observed transi-
tions by the fact that the four Ge(Li) detectors were
placed at angles which allowed analyzing of the angular
correlation effects. Indeed, the different coincidence pairs
that were recorded corresponded to the following pairs of
angles: 0'-30, 30'-30', and 30'-90', + 150' and —150' be-
ing equivalent to 30. Although a formalism of multiple
angular correlations has been developed, it is much too
cumbersome to be of easy practical use in the present case.
Fortunately, in the case of stretched y-ray cascades be-
tween high-spin (I) 2QA') states, a semiclassical approxi-
mate formalism can be used to estimate the correlation
functions with sufficient accuracy. ' Along this way,
the intensity ratios Ir(0')/Iz(90') and Iz(30')/Ir(90')
were computed for the different possible multipolarities
(I. =1, b,I=0, 1 and I. =2, b,I=0, 1,2), under the as-
sumption that the multiplicity filter triggered on a cas-
cade consisting, on the average, of 80% stretched quadru-
pole transitions and 20% stretched dipole transitions.
These values are characteristic for deformed nuclei in the
rare-earth region. By comparing the measured intensity
ratios to the calculated ones, the multipole character of
the detected y rays could be determined in most cases.

Finally, after having been smoothed and squeezed to a
size of 256 && 256 channels, the continuum-subtracted
coincidence matrices served to investigate the y~-y2 ener-
gy correlation patterns in the Ez~ XE&2 plane, especially
the width of the central valley which is known to be relat-
ed to the collective moment of inertia of the nu-
cleus

8. Other measurements

I. Multiplicities and excitation functions

For the ' Sn + Ar reaction, average y-ray multiplici-
ties (Mr) were measured at beam energies of 160, 180,
and 190 MeV, as well as relative excitation functions at
beam energies of 160, 170, 175, 180, 185, 190, and 200
MeV. The experimental setup used for these experiments
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is shown in Fig. 3. The location at backward angles of
the multiplicity filter, consisting of six 7.6 X 7.6 cm
NaI(T1) detectors, was chosen in order to reduce angular
correlation effects on the derived multiplicities as much as
was feasible. Calibrated y-ray sources were used to deter-
mine the absolute detection efficiencies of the NaI(Tl)
counters. They were found to be constant within 10% be-
tween 200 keV and 2 MeV; the mean value used in the
analysis of the multiplicity data was 0~=0.0186(9). The
neutron detection efficiency of the NaI(TI) counters was
measured with a Cf spontaneous fission source
(E„=2.14 MeV), yielding a ratio 0„/0~=0.30(4).

%'ith the multiplicity setup, prompt coincidence events
(Ez, fold, bto, ~L;i i,„) were recorded, and p-fold
(p =0, 1, . . . , 6) spectra were constructed on line for the
various beam energies. The multiplicity data were
analyzed with the nonlinear reduction method proposed
by Ockels, including corrections for the detection of eva-
porated- neutrons and for the subsisting angular correla-
tion effects. The first correction reduced the multiplici-
ty on the average by about 7%, and the second correction
by about 5%.

For the excitation function measurements, single Ge(Li)
spectra were recorded at 0, requiring a prompt coin-
cidence (At ( 15 ns) with the cyclotron beam burst in or-
der to reduce the contribution from long-lived activities.
The extracted transition yields were then normalized to
the Pb Xa and XP x-ray yields from the thick lead
stopper foil.

III. EXPERIMENTAL RESULTS

A. The nucleus ' Er

The total & onefold coincidence spectrum, obtained
with the multicounter setup described in Sec. IIA for the
' 2Sn+ Ar reaction at a beam energy of 182 MeV, is
shown in Fig. 4. At this bombarding energy, the yields of
the various reaction channels were =20% for ' Er,
=-48% for ' Er, =30% for ' Er, and =-2%%uo for ' Er.
As already mentioned, y-y coincidences, y-ray multiplici-
ties, and relative excitation functions were measured for
the nucleus ' Er. In the analysis of the coincidence ex-
periment, gates were set on all transitions known in this
nucleus from previous works, '" as well as on the new
transitions in this nucleus observed in the present work.
Some of the projected spectra are represented in Figs.
5(a)—(c).

The detailed analysis of the complex multiplet present
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2. Angular distributions

For the ' 'Pr + Ne reaction, angular distributions
were measured at a beam energy of 110 MeV with a thick
(35 mg/cm ) praseodymium target. For this purpose, sin-
gles spectra were recorded with three Ge(Li) detectors
placed at 0', 30', and 90', 12 cm from the target. Some
spectra were also recorded with calibrated y-ray sources
placed near the target in order to get a very precise energy
calibration for the three detectors. From these measure-
ments, accurate transition energies, branching ratios, and
multipole mixing ratios were deduced for the nucleus

Tm. The resulting angular distributions yielded the
usual A2 and A4 coefficients of a Legendre polynomial
expansion.
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FIG. 3. Experimental setup used in the measurements of the
multiplicities and excitation functions described in Sec. II 8 l.
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FIG. 4. Total ) onefold coincidence spectrum obtained in

the ' Sn + Ar(182 MeV) reaction. The transitions belonging
to "Er and "Er are also listed in Tables I and II, respectively.
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FIG. 5. Coincidence projections obtained with the ' Sn( Ar, 5n) "7Er reaction at E( Ar) =182 MeV. The gates are marked by ar-
rows on each spectrum. Transitions belonging to ' Er and ' Er are indicated by open and solid diamonds, respectively. The other
transitions belong to "Er and are also listed in Table I.

around 8QQ keV (Fig. 6) reveals that it contains at least
four y-rays belonging to the nucleus ' Er, at 801.3, 804.1,
806.9, and 809.9 keV, in addition to the 805.7 keV line
which is known' to belong to ' 8Er. The different pro-
jections of Fig. 5 show that the 809.9, 806.9, 792.5, and
834.5 keV transitions extend the favored band in ' Er up
to higher spins, i.e., deexcite the levels with J

, and —, , respectively. The 478.3, 514.0, 574.7,
651.7, 728.2, 801.3, 829.0, 804.1, and 792.5 keV transi-
tions belong to a weakly populated sideband in ' Er. The
measured intensity ratios Ir(0')/Ir(90') and
I~(30')/I~(90') are consistent with stretched E2 transi-

tions in all cases, except maybe for the 514.0 transition
which is contaminated by the 511 keV annihilation radia-
tion. The proposed assignments of the newly observed
transitions are confirmed by the multiplicity and excita-
tion function data. The order of the transitions is mainly
based on relative intensities determined from coincidence
and singles spectra. All results on the nucleus ' Er are
summarized in Table I.

The partial level scheme of ' Er constructed from our
data is shown in Fig. 7. The connection between the side-
band and the favored band could not be comp1etely eluci-
dated, although the 715.5 keV transition seems to play a
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major role in it. As a consequence, the spins and parities
of the levels of the sideband could not be unambiguously
assigned. The position of the —, head of the favored13 +

band with respect to the —, ground state is not yet
known exactly, since the —, —+ —, postulated transition
has never been observed. ' From the systematics of the
odd-erbium isotopes, ' one can nevertheless estimate that

E,,Ikevl

FIG. 6. Detailed analysis of the complex multiplet around
800 keV in the total & onefold coincidence spectrum obtained
with the ' Sn + " Ar(182 MeV) reaction. The transitions belong
to ' Er and ' Er {Tables I and II},except for the weak 799 keV
line which has not been assigned.

the approximate excitation energy of this level is about
200 keV.

The results achieved in the present work on ' Er,
which, for the favored band, have already been briefly re-
ported previously by us, ' ' are in good overall agreement
with those obtained later by Riley et a/. who investigat-
ed the nuclei ' ' Er using the "Cd+ Ca reaction at
200 MeV. These authors propose a level scheme of ' Er
which confirms ours, except that they claim that an addi-
tional 803 keV transition exists in the favored band,
which they locate between the 766.2 and 809.9 keV transi-
tions (Fig. 7). Our data are not consistent with this pro-
posal. Our coincidence spectrum with a gate on the 810
keV transition [Fig. 5(b) of the present paper] does not al-
low an 803 keV line with an intensity equal to the one of
the 766.2 keV line, as implied by the results of Riley et al.
Furthermore, our coincidence spectrum for the 807 keV
gate [Fig. 5(b)] confirms this conclusion, since it displays
very few counts between the 792.5 and 810 keV lines.
Consequently, if an 803 keV transition exists in the
favored band, it must have a lower relative intensity and
so be located higher up in the band than proposed by Ri-
ley et al. It should be noticed that 801 and 804 keV
lines exist in the sideband of ' Er (present paper, Fig. 7,
and Ref. 20), which is more strongly populated by the re-
action used by Riley et al. than by ours, so that a (un-
detected) connection between the sideband and favored

TABLE I. Properties of the y-ray transitions measured in the ' Sn + Ar{182 MeV) reaction and

belonging to the nucleus ' Er. The spin and parity assignments for the transitions in the lower part of
the table are tentative as explained in Sec. III A.

I; ~I)
17 + 13 +
2 2

21 + 17 +
2 2

25 + 21 +
2

~ 2

29 + 25 +
2 2

33 + 29 +
2 2

37 + 33 +
2 2

41 + 37+
2 2

45+ 41+
2 2

49 + 45 +
2 2

53 + 49 +
2 2

25 25 +
(—~—)2 2

(—~—)
29 25
2 2

33 29
(—~—)2 2

37 33
( —~—)2 2

( —~—)
41 37
2 2

( —~—)
45 41
2 2

49 45
( —~—)2 2

(——+—)
53 49
2 2

57 53
( —~—)2 2

Comments

266.36+0.03 100.0 1.35+0.08 1.34+0.08

414.91+0.03 102.3+2.0 1.31+0.05

1.29+0.05527.36+0.05 94.8+2.0

622.76+0.04 64.9+2.0 1.26+0. 12

1.67+0.14703.16+0.05 35.6+3.0

766.21+0.13 30.8+2.0 1.35+0. 13

809.9 +0.3 25.5+2.0 1.21+0.12

17.3+2.0 1.37+0. 15

29.5+3.0 1.29+0. 13

11.8+3.0 1.72+0.56

15.2+2.0 1.32+0.33

806.9 +0.3

792.5 +0.3

834.5 +0.4

715.5 +0.2
478.33+0.05 24.2+3.0 1.36+0. 11

513.97+0.05 35.9+3.0 0.88+0. 11

574.73+0.06 20.3+3.0 1.32+0.23

651.7 +0.5 29.4+4.0 1.52+0.52

728.2 +0.2 27.7+3.0 1.61+0.26

801.3 +0.4 26.3+4.0 2.08+0.45

829.0 +1.0 40.8+5.0 2.02+0.20

804. 1 +0.5 40.0+6.0 1.81+0.32

1.33+0.05

1.41+0.05

1.30+0.12

1.53+0.12

1.26+0. 11

1.31+0.11

1.20+0. 16

1.32+0. 11

1.43+0.36

1.80+0.25

1.67+0. 10

1.14+0.14

1.94+0.33

1.77+0.57

1.83+0.16

1.93+0.37

1.78+0.29

1.74+0, 35

17.9+0.9
17.9+0.9

17.8+0.9

18.7+0.9

18.7+1.1

17.7+ l.0

19.1+1 ~ 2

21.1+1.7
20.4+1.2
21.4+2. 3

20.4+3. 1

18.1+ l. 1

17.8+ l. 1

20.4+ 1.2

23.1+3.0

19.2+ 1.2

+ 156Fr

+ 156Fr

+'"Er
Doublet

+ 511 keV

Doublet

18.7+ 1.2

20.4+ 1.6 Doublet, + ' Er

21.3+ 1.7 + 158Er

Iy(0 )/Ir(90') ly(30 )/I, (90') (M, )
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side I
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V- Y coincidences

792.5(3)
2.0—

1O'

1.0—favored
804.1(5)

400300200
I

100
0.0

53+ 57+

30—
829(1) 834.5(4}

2.0 —g
1O'

49+ 53+

7 92.5(3)8O1.3(4) 1.0—

700
I

60045' $00
I0.0 I

'"Tm
CV

1.0—
728.2(2) 806.9(3)

158Tm 0

158E
x10'41' {45'}

651.7(5)
809,9 (3) 1100

I

1000900800I
I

I

I

( 8O3
I

0.0
: 37'

-2574.7(1)
F (keV)

766.2 (2) 37+
2 FIG. 8. Total & onefold coincidence spectrum obtained with

the ' 'Pr + Ne(120 MeV) reaction. The transitions belonging
to "Er,-"Tm, and "Tm are also listed in Tables II, III, and
V, respectively.

514.0('I )
33+
2

478.3(1) 703.2 {1)

29+
2

715.5(5) 622.8 (1)

25+
2 B. The nucleus ' Tm527.4(1)

21'
21 2Er For the '"'Pr + Ne reaction, coincidence experiments

were carried out at beam energies of 110 and 120 MeV.
The total ) onefold coincidence spectrum recorded at a
bombarding energy of 120 MeV is shown in Fig. 8. The
yields for the different reaction channels at this energy
were =80% for ' Tm, =15% for ' Tm, and =—5%%uo for

Er (via the lp4n channel). Angular distributions were
measured at a projectile energy of 110 MeV. Accurate
transition energies were deduced from this experiment.
From the coincidence data, the level scheme proposed pre-
viously by Larabee and Waddington' could be confirmed
and further extended to higher spins. Projected spectra,
corresponding to several typical gates placed on transi-
tions in the favored and unfavored bands, are shown in
Figs. 9(a) and (b).

Six new transitions appear, at 763.2, 833.5, and 909 keV
in the favored band, and at 799.0, 869.S, and 960 keV in
the unfavored band. Their energies could be determined
most accurately in the sum-gate spectra (Fig. 8), where the
corresponding interband low energy transitions at 359.9,
403.2, 39S.3, 438, and 432 keV are also weakly present.
The intensity ratios I&(0')/I&(90') and I&(30')/I&(90'),
and the angular distribution coefficients A2 and A4, con-
firm the stretched E2 nature of the AI =2 in-band transi-
tions and the mixed E2/M 1 nature of the AI = 1 inter-
band transitions. The order of the new transitions is
based on their relative intensities and on accurate energy
sums which fulfill the Ritz combination principle. The
various results obtained in the nucleus ' Tm are summa-
rized in Table III, and the level scheme thereby establish-

414.9(1)
17'
2

I} 266,4(1) 13+
2

FIG. 7. Partial level scheme of ' Er as obtained in the
present experiment. The spin and parity assignments to the lev-

els of the sideband are tentative, and its connection to the
favored band is not well established, as discussed in Sec. IIIA.
The position of the 803 keV transition, claimed to exist in the
favored band by Riley et al. (Ref. 20), is indicated where pro-

13 +
posed by the latter authors. The excitation energy of the

level with respect to the "Er ground state is not known exactly.
The spin and parity assignments to levels of the favored band
indicated between parentheses would result from the existence
of the 803 keV transition.

band at a higher spin than —,
' (Fig. 7) could possibly ex-

plain the data of Ref. 20. The implications of the possible
existence of the 803 keV transition will be discussed in
Sec. IV A.

During the experiments described in the present work,
data were also obtained on the nucleus ' Er, which has
previously been studied by several authors. ' Its yrast
band has been observed up to the 38+ level, above which
the feeding intensity suddenly drops dramatically. The
results thereby obtained are summarized in Table II. The
40+ state observed by Burde et al. was not confirmed by
our experiments. This is in agreement with the results of
Riley et al.
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TABLE II. Same as in Table I for the nucleus "Er.

I; ~If (keV)
Int
(%) Iy(0 )/Iy(90 ) Iy(30 )/Iy(90 ) (My) Comments

2+ 0+
4+~ 2+
6+ 4+
8+~ 6+

10+~ 8+
12+~10+
14+ 12+
16+ 14+
18+~16+
20+—+ 18+
22+ —+20+
24+ 22+
26+ 24+
28+ ~26+
30+~28+
32+~30+
34+~32+
36+~34+
38+~36+

192.13+0.03
335.10+0.03
443.13+0.03
523.14+0.03
579.08+0.03
608.28+0.04
509.75+0.06
472.75+0.05
566.28+0.05
658.89+0.06
740.42+0. 10
805.7 +0.4
845.6 +0.2
858.4 +0.3
875.6 +0.4
906.2 +0.4
959.1 +0.8

1019.1 +0.9
1059.2 +1.5

99.9+3.0
100.6+2.0
100.0
99.6+2.0
71.2+2.0
67.4+2.0
57.3+2.0
57.4+2.0
51.7+2.0
53.5+3.0
35.4+2.0
34.9+4.0
25.4+3.0
26.8+3.0
19.1+2.0
20.3+3.0
15.3+5.0
12.5+5.0
5.3+2.0

1.06+0.05
1.19+0.04
1.36+0.05
1.37+0.06
1.38+0. 15
1.31+0.04

b
1.44+0.07
1.38+0. 12
1.56+0. 17
1.32+0.22

c
1.28+0.09
1.51+0.12
1.61+0.23
1.80+0.28
1.79+0.54
1.57+0.46
1.27+0.64

1.06+0.05
1.12+0.04
1.31+0.04

a
1.40+0. 16
1.36+0.06

b
1.48+0.06
1.44+0. 13
1.59+0.18
1.35+0.20

c
1.09+0.10
1.73+0.20
1.60+0.24
1.86+0.37
1.44+0.42
1.15+0.34
1.47+0.68

27.0+1.4
25.7+ 1.3
27.5+ 1.4
24.5+1.3
28.1+I.5
27.4+ 1.7
24.0+ l.3
27.5+ 1.5
26.2+ 1.4
24.5+1.5
26.4+2. 1

21.3+ 1.7
28.7+2.4
25.8+ l.7
27.5+2.0
25.6+2.3
27.2+ 3.5
18.4+3.9

+ 156Er

+ 159Er

+ 156Er

+ Activity

+ 157Er

'Contaminated at 30 by the 511 keV annihilation radiation.
Contaminated at 90 by the 511 keV annihilation radiation.

'Contaminated by the 807 keV transition in "Er.

ed is shown in Fig. j.0.
Our results are in very good agreement with the prelim-

inary data of Riedinger et al. ,
' who studied this nucleus

in a similar but independent experiment. The excitation
energy of the —, level with respect to the —, ground

7 5+

state ' was not known until now. From the systematics of
the odd-thulium isotopes, it can be estimated to be
E( —, ) =-80 keV.

From our angular distribution measurements, the

branching ratios A, (I) and the multipole mixing ratios o(I)
could be deduced for most levels of the favored and un-
favored bands with the following definitions:

Tr(I~I —2)
A, ( I)=

Tr (I-I—l )

Tr (E2,I~I —l )
&'(I)=

Tr (M l,I~I —l )

Iy(0 ) /Iq(90') Iy(30') gIy(90')Ez (keV) Comments

TABLE III. Properties of the y-ray transitions measured in the ' 'Pr+ Ne(120 MeV) reaction and belonging to the nucleus"Tm. The angular distribution coefficients A2 and A4 have been obtained at 110 MeV bombarding energy. The energies of the
transition which have not been observed have been inferred from the decay scheme of Fig. 10.

I;"—+If Int (%) A4

11 7
2 2

15 11
2 2

19 15
2 2
23 19
2 2

' 27 23
2 2
31 27
2 2

35 31
2 2

39 35
2 2

43 39—
2 2

47 43
2 2

51 47
2 2

55 51
2 2

59 55
2 2

166.31+0.03 79.4+9.9

461.69+0.03
558.26+0.03

629.44+0.03

649.51+0.03

486.3-2+0.04

510.6 +0.3
599.5 +0. 1

685.3 +0. 1

763.2 +0.5
833.5 +0.6
909 +1

119.7+2.2

120.2+7.0

90.0+5.7
58.5+3.0
25.3+ 1.4

22.5+3.0
19.7+1.6
6.5+ 1.0

6.7+ 1.0

5.1+2.0

(3

330.80+0.03 100.0

1.07+0.04

1.38+0.03

1.43+0.06

1.52+0.07

1.55+0.05

1.39+0.07

1.37+0.08

1.42+0.23

1.35+0.23

1.39+0.43

1.79+0.89

1.10+0.03

1.54+0.04

1.56+0.06

1.56+0.08

1.60+0.04

1.57+0.08

1.69+0.12

1.37+0.19

1.26+0.21

1.81+0.53

1.38+0.55

0.07+0.02

0.27+0.02

0.29+0.01

0.36+0.02

0.37+0.02

0.28+0.02

0.37+0.04

0.27+0. 10

0.25+0. 12

0.36+0.16

0.50+0.30

—0.06+0.04

—0.06+0.04

—0.10+0.03
—0.06+0.03

—0.13+0.05

—0.10+0.04

—0.13+0.08

—0.05+0.05

+ 158Er

Very weak
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I; —+If E~ (keV) Int (%) Iy(0') /Iy(90 )

TABLE III. (Continued).

Iy(30') /Iy(90') Comments

13 9
2 2

17 13
2 2

21 17
2 2

25 21
2 2

29 25
2 2

33 29
2 2

37 33
2 2

41 37
2 2

45 41
2 2

49 45
2 2

53 — 49
2 2

57 53
2 2

61 57
2 2

280.9 +0.2
445. 15+0.03

549.43+0.03

618.2 +0. 1

633.3 +0. 1

430.3 +0. 1

442.82+0.05

552.5 +0. 1

643.6 +0.1

724.6 +0.3
799.0 +0.3
869.4 +0.5
960 +1

22.5+ 1.7

40.6+2. 1

23.3+ 1.5

27.3+4.0

19.9+3.1

10.6+1.S
15.1+2.5

24.6+2.4

13.8+ 1.8

15.2+2.0

7.3+2.0

3.1+1.5
3.3+1.5

1.26+0. 10

1.45+0.07

1.43+0. 13

1.74+0. 12

1.22+0.09

1.45+0.29

1.35+0.10

1.52+0. 15

1.31+0.10

1.22+0. 15

1.43+0.23

1.38+0.39

1.33+0.29

1.33+0.10

1.59+0.08

1.55+0. 14

1.40+0.08

1.27+0.08

1.49+0.30

1.42+0. 10

1.60+0. 17

1.20+0. 10

1.41+0.17

1.67+0.32

1.36+0.41

1.36+0.28

0.38+0.05

0.29+0.02

0.43+0.03

0.27+0. 10

0.38+0.08

0.29+0.09

0.23+0.04

—0.11+0.07

—0.06+0.04

—0.08+0.06
—0.12+0.10

—0.10+0.08

—0.08+0.07

—0.17+0.07

0.31+0.04 —0.05+0.06

0.29+0. 10

0.24+0.08

0.29+0.11

0.24+0. 15

0.21+0.14

+ 158Fr

+ 158Tm

+ 158Fr

11 9
2 2
15 13
2 2

19 17
2 2

23 21
2 2

27 25
2 2

31 29
2 2

35 33
2 2

39 37
2 2

43 41
2 2

47 45
2 2

51 49
2 2

55 53
2 2

59 57
2 2

50.0 +0.2
99.9 +0.3

116.4 +0.2
125.0 +0. 1

136.3 +0. 1

152.71+0.06

208.78+0.05

276.1 +0.2
323.7 +0. 1

365.3 +0.2
403.2 +0.3

438 +1

477 +2

72.2+ 15~ 0

20.3+4.7

(15

48.8+ 11.6

62.0+9.9
15.0+5.0
13.5+3.6

10.7+2.4

7.4+2.0

4.6+ 1.S

0.57+0.21

0.95+0.22

1.05+0.11

0.94+0.09

0.77+0.09

0.88+0.7

1.01+0.12

1.04+0. 11

0.85+0. 16

0.62+0.27

0.75+0.19

0.88+0.08

0.92+0. 11

0.74+0.07

1.01+0.08

1.03+0.13

1.07+0.10

1.50+0.30

—0.39+0.20

—0.03+0.05

—0.38+0.09

—0.03+0.04

—0.23+0.08

—0.23+0.09

0.02+0.07

0.04+0.07

0.16+0.09

—0.14+0.06

0.30+0.08

0.06+0.06

0.13+0.10

0.07+0.10

Not observed

Very weak

Not observed

Doublet

+ 159Fr

Doublet

Not observed

53 51
2 2

57 55

61 59
2 2

9 7
2 2

13

17 15
2 2

21 19
2 2

25 23
2 2

29

33 31
2 2

37 35
2 2

41 39
2 2

45 43
2 2

49 47
2 2

116.4 +0.2

230.93+0.03

345.35+0.04

433.22+0.05

493.3 +0.2
496.9 +0. 1

277.5 +0.1

234.2 +0. 1

276.1 +0.2
319.8 +0.2
359.9 +0.3

395.9 +0.4
432 +1
483 +2

75.4+6. 1

31.6+2.5

18.3+ 1.8

21.5+2.4

10.2+ 1.6
48.4 +S.6

46.4+6. 1

15.0+5.0
9.3+3.6
6.0+2. 1

3.0+ 1.6

1.76+0.05

1.49+0.05

1.49+0. 18

1.32+0. 13

1.05+0. 18

0.77+0.09

0.88+0.04

0.77+0.09
0.64+0.26

1.01+0.12

0.88+0.33

1.53+0.04

1.55+0.07

1.S6+0.19

1.68+0. 15

1.23+0. 18

0.74+0.07

0.96+0.05

0.74+0.07

0.99+0.26

1.10+0.15

1.07+0.36

0.26+0.03

0.26+0.03

0.1S+0.04

0.25+0.07

0.13+0.10
—0.23+0.08

—0.25+0.03

—0.23+0.08
—0.09+0.10

0.09+0.07

0.17+0.05

0.02+0.06
—0.05+0. 10

0.01+0.10

—0.24+0. 15

0.13+0.10

0.03+0.04

0.13+0.10
—0.36+0.21

—0.22+0. 13

Doublet

Doublet

Doublet

Doublet

Not observed

'Contaminated by the 511 keV annihilation radiation.



HOLZMANN, LOISELET, Van HOVE, AND VERVIER 31

600— Tfg gate. 331

unfavored
R=

2

300 ——
I

.iLAL(*l..l ILil siI.. tkkiml. i IIILI..aII sJ ai i L~.~
I I I

gate: 650600-

300—

960.(1)

favored
K=-—

2

100-

~ ~a Jli&Juas~w~ I ~) „LA.
I I I I I I I

gate: 600
432(1)

909(1)

50 -'

I

p .Iikja hd I( lith(JliLi'lIIiiaLi~llaillliiLrJ diai3 v~L.~~.
gate: 763

50-
I

p l IllllklIIA lid(I Jllh, IILIiI JLill llll (Nell i III llili. ll Jij.LaJ(uhmkalN~

400 — gates: 600+ 685+324+ 365
LA

2pp-

p uiliiiii d I ILLiIIJ Jell Jliill((i J li'id( I I L(J I iaIii i a. J LIL.Jls u4, . aLa. i

200 400 600 800 1000
Ey(ke Y)

53
2

49
2

869,4(5)

799.0(3)

724.6(3)

395.9(

359 9(

319,8(

03.2(3)

365.3(2)

833.5(6)

se5, 3(1)

55
2

~5

2

47
2

Tfll gate: 445

, „i..~,a ~ iN» II xiii~' ti li.i~ .,~/~ &.i,.~i „,
100— gate: 799

158E

200—

1pp-

I I kiiL ~,",i (,a NA Jam. laii~ IJ& L I ialilklli L i.~ i ~, a.u u ~„„,~~~,
I I

gate: 633
150 lra 0

75—

Iilllbaiall( LLILLLJIIILLi'ka I (.ilaLLLLIiil+~
gate: 644

41
2

33
2

29
2

643,6(2)

552.5(1)
276.1{

430.3{1)
277.5{1

633 3(1)

234.2(1
442.82(5)

323,7(1)

276.1(2)

208.78(5)

~152.71is i

599.5(1)

510.6(3)

' 649.51{3)

43
2

35
2

31
2

m

50-

iiLLil, J illll'ilklhlwjr)iII isikilkg lULJII, I iiiiL.Iilljlljdg~iiMJJJ i

400— gat es: 644+ 725+320+360

200—

p .& i@I iili, .(J(LIAIl..ale, tlli JII(i(3.JIulli. ilu. .a,aga4JL~J, i~,I JLgi,

2PP I PP bPP SPP 1PPP
Ey(ke Y

FIG. 9. Coincidence projections obtained with the
' 'Pr( Ne, 4n)' Tm reaction at E( Ne)=120 MeV. The gates
are marked by arrows in each spectrum. Transitions belonging
to ' Er and "Tm are indicated by solid and open diamonds,
respectively. The other transitions belong to "Tm and are also
listed in Table III.
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Using these quantities, the ratio 8(M1)/Qp could be
computed, in the framework of the strong coupling lim-
it, from the following expression:8(M1), (m2OlI —2')' E,(»=2)=6.93X10 '

Qp A(I)[1+5 (I)] Er(bI =1)
where the transition energies are given in keV and Qp is
the electric quadrupole moment in 10 cm . In the
strong coupling limit, 8 (M 1) is proportional to

FIG. 10. Partial level scheme of ' Tm as obtained in the
present experiment. The excitation energy of the 2 level with

respect to the "Tm ground state is not known exactly.

(gz —gz), where gK and gz are the single-particle and
collective gyromagnetic ratios, respectively. The values of
A, (I), 5(I), and 8(M1)/Qp are listed in Table IV. Figure
11 displays the ratio 8(M 1)/Qp as a function of the spin
of the emitting level for the two observed bands. The nu-
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TABLE IV. Decay properties of the various levels in "Tm. For each level, the following are given:
the total photon intensities of the transitions deexciting it with the normalization of Table III; the
branching ratio A,(I) and multipole miring ratio

~
6(I)

~

defined in Sec. IIIB; and the quantity
B (M I )/Qo which can be deduced from them as outlined in Sec. III B.

11
2

15
2

19
2

23
2

27
2

31
2

35
2

39
2

43
2

51
2

55
2

59
2

Int(1)

& 80.0

172.2+ 15.0

140.0+5.2

& 135.0

& 95.0

107.3+ 12.4

87.3+ 10.0

37.5+6.0

33.2+3.9
17.2+2.6

14.1+2.2

9.7+2.6

& 5.0

5.4 +1.9
18.8 +6.9
23.9 +8.8

3.2 +0.2
0.62+0.06

1.42+0. 12

0.69+0.10

1.1 +0.3

0.5 +0.2

& 0.40

0.35+0.25

&0.10

& 0.20

0.13+0.02

& 0.20

& 0.20

0.17+0.07

8 (M I )/Qo

0.008 +0.003

0.009 +0.004

0.022 +0.006

0.21 +0.02

0.11 +0.01

0.04 +0.01

0.10 +0.02

0.09 +0.03

Comments

Very weak

Very weak

13
2

21
2

25
2

29
2

33
2

37
2

41
2

45
2

49
2

53
2

61
2

97.9+6.3
72.2+ 3.3

41.6+2.3

48.8+4.7

30.1+3.5
59.0+5.3

62.5+6.4

29.6+5.5

23.1+4.0

21.1+2.9

10.3+2.6

&5. 1

& 4.0

0.41+0.02

1.42+ 0.06

1.35+0.10

0.97+0.07

1.88+0.21

0.24+0.03

0.39+0.02

0.72+0.09

1.25+0. 19

2.8 +0.3
2.7 +0.5

0.32+0.02

0.36+0.03

0.23+0.02

0.34+0.07

& 0.20

&0.10

0.08+0.02

&0.10

0.08+0.04

0.2 +0. 1

& 0.20

0.0029+0.0002

0.0040+0.0002

0.0078+0.0007

0.0140+0.0012

0.0090+0.0011

0.064 +0.009

0.075 +0.005

0.078 +0.008

0.063 +0.010

0.036 +0.006

0.043 +0.009

Very weak

Very weak

Very weak

2 Y not observed.g ll 9

b 27 25 not observed.

contaminated by the 511 keV annihilation radiation.39 35

cleus ' Tm has a similar behavior for this quantity as its
isotone ' Ho. This will be further discussed in Sec.
IV C2.

In the experiments described here, some information on
high spin states in the odd-odd nucleus ' Tm has also
been obtained (Table V). The proposed level scheme is
reproduced in Fig. 12. The previous knowledge on this
nucleus has been extended from level 19 up to level
23, and, perhaps, 25 . At 120 MeV bombarding energy,
the nucleus ' Tm is only weakly populated in the
' 'Pr+ Ne reaction; a more complete investigation of

Tm should be carried out at a higher beam energy.

IV. DISCUSSIGN

A. Experimental Routhians and alignment

For several years most of the data obtained on the
high-spin members of rotational bands in deformed nuclei
have been interpreted in the framework of the cranked
shell model (CSM) developed by Bengtsson and Frauen-
dor. ' ' As discussed by these authors, from the informa-
tion contained in the level scheme, it is possible to obtain
"experimental" values for the excitation energy E'(I) in
the rotating frame
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FIG. 11. Experimental values of 8(M1,I~I 1)/go as a-

function of I for the transitions in the favored (a= —2, solid

circles) and unfavored (a=+ 2, open circles) bands in "Tm,
deduced as outlined in Sec. III B.

158-;
FIG. 12. Partial level scheme of ' Tm as obtained in the

present experiment, supplemented by data of Ref. 35.

E'(I)=E(I) co(I)'I (I)—
and for the projection I„(I) of the angular momentum I
on the axis of rotation

I„(I)=[(I+ —,
' )' —E']'~' .

K is the projection of I on the nuclear symmetry axis.
The rotational frequency co(I) is given by fico(I)

, Er(I~I —2), valid—forI ~~K.
The intrinsic excitation energy in the rotating frame

e'(I) and the aligned angular momentum projection i„(I)
can be obtained by subtracting, from E'(I) and I~(I), the
collective parts of the excitation energy and of the angular
momentum projection, respectively. In order to do this, it
is convenient to define a reference frame. Tvvo choices of
reference frames are of common use: either the ground-
state band of an even-even nucleus (g reference), or its
yrast band (yrast reference). These references are ap-
propriate for the corresponding even-even nucleus. For
odd-% and odd-Z nuclei, the intrinsic energies are re-
ferred to the average of the reference configurations of the

neighboring even-even nuclei, and the pairing gap (es-
timated from the odd-even mass difference) is added. The
various reference configurations are discussed in detail by
Bengtsson ef al.

The ground-state band of even-even nuclei is usually
not known above the first band crossing, so that the g
reference has to be extrapolated to higher rotational fre-
quencies by appropriate expressions. This is generally
done using the parametrization of Harris for the nuclear
moment of inertia

W=WO+~ W) .

The parameters Wo and W~ are determined by a fit to the
g-band values of I„(I),using

I& ( co ) =J co =coWO+ co J
This procedure can be extended to odd-3 nuclei with the
help of a three-parameter fit to some rotational band, the
favored band, for instance (this is the so-called "adapted g
reference"),

I„(co)=coW0+co Mt+i .

The aligned angular momentum i of this band is assumed
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TABLE V. Same as in Table III for the nucleus ' Tm.

I; ~If"
11 —+ 9
13 —+11
15 ~13
17 ~15
19 ~17
21 ~19
23 ~21
25 —+23

Z, (keV)

129.3+0.8
382.5+0.5

516.5 +0. 1

610.9+0.2
681.3+0.2
732.2+0.5
785.2+0.6
874 +1

Int (%%uo)

243.0+ 15.0
100.0
139.3k9.0
97.9+6.0
53.8+6.0
60.0+6.0
32.4+4.0
27.9+7.0

I (o')/I (90')

1.52+0.38
b

1.47+0. 13
1.38+0.22
1.39+0.21
1.37+0.23
1.27+0.26

Iy(30') /Iy(90')

a
1.64+0.41

b
1.56+0. 12
1.43+0.23
1.73+0.31
1.42+0.21
1.29+0.25

Comments

Doublet

14 ~12
16 —+14
18 —+16
20 —+18

428.7+0.8
544.1+0.5
636.1+0.2
709.5 +0.5

c
39.6+4.0

&25
49.4+6.0

c
1.48+0.20

1.44+0. 17

c
1.78+0.26

1.30+0.22
Very weak

13 —+12
15 ~14
17 —+16
19 ~18
21 ~20

12 ~11
14 ~13
16 —+15
18 —+17
20 ~19

129.3+0.8
217.0+0.4
283.1+0.4
328.2+0.3
350.9+0.8

253.8+0.3
299.4+0.2
327.6+0. 1

353.0+0.2
381.3+0.6

d
60.2+7.0
53.1+8.0

25
&20

159.0+ 11~ 0
83.9+6.0

102.0+9.0
48.1+5.0

&15

0.84+0. 11
0.54+0. 12
1.10+0.08

0.89+0.07
0.95+0.06
1.10+0.08,
0.61+0.12

a
0.95+0.16
0.67+0. 16
0.90+0.07

1.17+0.11
1.18+0.10
0.90+0.07
1.11+0.23

Doublet

Doublet
Very weak

Doublet

Very weak

'Contaminated at 90' by an activity peak.
Contaminated at 90' by the 511 keV annihilation radiation.

'Contaminated by the 430.3 keV transition in "Tm. .
Unresolved doublet.

TABLE VI. Parameters used in the CSM analysis of the experimental data on the indicated nuclei,
determined as outlined in Sec. IV A. For each nucleus, the following are given: the parameters Wp and
W1 of the reference configuration; the pairing gap parameters A„and h~; and the assumed value for the
K quantum number of the bands. The latter are the ground-state band for the even-even nuclei; the
favored positive parity band for the odd- A Er nuclei; the favored and unfavored negative parity bands
in "Ho and "Tm; and the (vi13/2)(1Th11/2) band in ' Tm.

Z=68

Nucleus

156Er
157E

158Er
159E

160Er

161Er

Wp
(MeV-' X2)

8.0
16.0
18.5
23.5
23.0
28.0

(MeV A )

130.0
105.0
85.0
92.5
83.0
90.0

(MeV)

1.24
1.38

1.35
1.23

1.21
1.13

Ap

(MeV)

1.38
1.28

1.18
1.21

1.23
1.15

0
1

2

0
3
2

0
3 5
272

%=90 158Er

'"Tm
160Yb

Tm

18.5
22.0
17.0

10.5

85.0
80.0
92.0

148.0

1.35
1.29
1.23

1.31

1.18
1.30
1.24

1.38

0
7
2

0

1 7—+——42 2
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0.0 0.2
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157
FIG. 13. Plots of the quantities I i and e' vs ~.-.
Er (a), for the rast band in " e vs ~.-., defined and deduced as outlined in Sec. IVA for the f d d 'd b d

1

e avore an si e an s in

y s an in Er (b), for the favored (a= —z) and unfavored (a=+ —') bands in "T
l, )

in ' Tm (d). The critical fre uenciesin m . e critical frequencies Aco, for the various alignments are marked by arrows in the e' diagrams, and the corres ondin
alignment gains Ai„are indicated in the i diagrams. The labels A B C E Ae a e s. . . , A „, and B„refer to quasiparticle trajectories in the

calculations of I" are d
ca cu a ions escri e in Sec. IVB, and correspond to the quasiparticle diagrams of Fi s. 15 and 18 Th f* ' '

igs. an . e re erences used for the
are described in Sec. IV A, and the corresponding parameters are given in Table VI.

to be constant in the considered range of ~. The reference
angular momentum projection, I„",and excitation energy,
El cd are then given by '

I„"(co) =co(WO+co W~),

E„r(co)= ——co W-o ——co"~ +1 2 1 4
2 4 1

0

Finally, the projection of the aligned angular momentum,
i„(co), and the intrinsic excitation energy, e'(co), take the
following values:

i„(co)=I„(co) I"(co), —
e'(co) =E'(co) E,',r(co) . —

The various rotational bands investigated in the nuclei

157E 158 159 158Er, Er, Tm, and Tm during the course of the
present work have been analyzed according to the pro-
cedure already outlined. Table VI summarized the mo-
ment of inertia parameters W0 and W the pairing gaps1~

„and Ap, and the E values used in our analysis. The pa-
rameters Wo and W& were determined by a fit of I„ for the
g band in the case of even-even nuclei and for the low-
spin part (i.e., below the first crossing) of the favored band
in the case of odd-2 and odd-odd nuclei. The pairing po-
tential parameters A„and Az were deduced from the ex-
perimental odd-even mass differences; a four-point in-
terpolation formula proposed by Bengtsson et al. was
used, and the extra binding energy of odd-odd nuclei due
to the residual interaction between the unpaired neutron
and- proton was taken into account.39
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FIG. 13. (Continued).

The experimental functions I.(co), i„(co), and e'(co) are
shown in Figs. 13(a)—(d) for the investigated nuclei, to-
gether with the corresponding reference configurations.
From the i„(co) plots, it clearly appears that both the
favored band and the sideband studied in the odd-X nu-
cleus ' Er display a sharp upbending at a rotational fre-
quency ~=0.40 MeV, whereas such an effect is absent
in the favored and unfavored bands of the odd-Z nucleus

Tm at high rotational frequency, i.e., between 0.28 and
0.48 MeV. On the other hand, a first backbending is ob-
served in the favored and unfavored bands of ' Tm
around Ace=0.27 MeV, but not in the favored band of

Er. The crossing frequencies, Ace„and the gains in
aligned angular momentum, EI, are also indicated in
Fig. 13.

The yrast bands of ' Er and ' Tm are compared in
Fig. 14 with the yrast bands of the even-even nuclei ' Er
and ' Er (Z=68 isotopes), and of ' Er and ' Yb
(N=90 isotones), respectively. From this figure, one can
definitely conclude that, in the favored band of ' Er, the
odd i~3/p neutron does block the first alignment observed

in the neighboring even-even nuclei, but that it does not
do so for the second one; in the favored and unfavored
bands of ' Tm, the odd h&, &z proton does not hinder the
first alignment, but it does prevent the second one. This
behavior can be understood if one assumes that the first
backbending is due to the rotation alignment (RAL) of a
pair of i~3/p neutrons, as already shown earlier by Cirosse,
Stephens, and Diamond, ' and that the second back-
bending is produced by the RAL of a pair of h&'z pro-
tons, in agreement with the predictions of Faessler and
Ploszajczak and with the results of CHFB (Ref. 11) and
CSM (Ref. 12) calculations. The experimental determina-
tion of the proton nature of the second backbending in

Er, which was first suggested on the basis of data on
Tm alone, ' ' has been definitely established by the

simultaneous consideration of ' Er and ' Tm (Ref. 18),
and later confirmed by results obtained on ' ' Er (Ref.
20).

It follows from this that the two bands observed in the
odd-odd nucleus ' Tm should not display neither the first
nor the second backbending, since they are believed to be
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20 ~

15

10—

yrast,

/2

It should finally be noticed that, if the additional 803
keV transition proposed by Riley et al. in the favored
band of ' Er (See Sec. III A) would indeed be present, the
critical frequency Ace, for the proton alignment in this nu-
cleus would not be modified (as well as the conclusion'
on the proton nature of the second backbending near
%=90). The corresponding rise in angular momentum
Ai„would, however, be increased by approximately 2A'

with respect to the results of the present work.
i

B. Comparison with CSM calculations

20—

N =90 isotones
160Yb yrast

The experimental aligned angular momentum i (oy) and
intrinsic excitation energy e'(oy) can be compared with the
corresponding theoretical predictions obtained by the di-
agonalization of the cranked shell model Hamiltonian' '

+"csM="st, —~(P +P) ~~ ~j

yl'Qs t

5'

0—

0.0
I

0.2

hu) {MeV)

FICx. 14. Comparison between the alignment plots of i vs
Ace (defined in Sec. IV A)„ for the Z=68 isotopes (yrast bands in

Er, triangles; ' Er, squares', and favored band in ""Er, cir-
cles), and for the %=90 isotones (yrast bands in '"Er, squares;

Yb, diamonds; favored and unfavored bands in "Tm, solid
and open circles, respectively).

built on a (vi f3/2) (1TA t]/2) configuration. In the present
work, the absence of the neutron alignment has been con-
firmed [see Fig. 13(d)]; further experiments extending the
knowledge of this nucleus to higher rotational frequencies
are, however, necessary to check whether or not the pro-
ton alignment is also blocked in this nucleus.

In this expression, h,„ is the single particle Hamiltonian;
P+ (P) creates (annihilates) the pair field, the strength of
which is fixed by the gap parameter 6; k is the chemical
potential, which determines the expectation value of the
particle number operator X; and j„ is the single-particle
angular momentum operator. Prom the eigenstates of
hcsM, configurations of independent quasiparticles can be
constructed. The underlying theory has been developed in
full detail elsewhere. ' ' '"

The parameters used in our CSM calculations are listed
in Table VII. The quadrupole deformation parameter ez
has been estimated from experimental transition electric
quadrupole moments derived from lifetime data, ' ex-
cept for the nucleus ' Tm for which an average value be-
tween ' Er and ' Yb has been used, because no experi-
mental data are so far available. The hexadecapole defor-
matlon c4 is expected to be small in the 3 =- 158 mass re-
gion, and theoretical values have been used. Except for

Tm, the triaxial deformation y has been taken equal to
zero. The pairing gap parameters h„and h„have been es-
timated from odd-even mass differences as outlined in
Sec. IVA. As we were mainly interested in the behavior
of the proton A~Bp crossing and of the neutron BC and
AD crossings, in our CSM calculations we have used re-
duced neutron pairing gaps (5„=0.8 6„) to account for

TABLE VII. Parameters used in the CSM calculations on the indicated nuclei, carried out as described in Sec. IV B. The quantity
Atop is 41.2 A ~ M.V.

Nucleus

156Fr
157Fr
158Er
159F

16PEr
161E

162Er

'"Tm

88
89
90
91
92
93
94
90

Z

68
68
68
68
68
68
68
69

fKOp

(MeV)

7.653
7.637
7.621
7.605
7.589
7.573
7.558
7.605

0.162
0.201
0.218
0.241
0.243
0.247
0.255
0.200'

E'4

—0.020
—0.020
—0.020
—0.020
—0.020
—0.015
—0.010
—0.015

(deg)

0
0
0
0
0
0
0

—20

6„/Scop"

0.130
0.145
0.142
0.130
0.127
0.119
0.114
0.136

hp/Atop

0.180
0.163
0.156
0.159
0.162
0.152
0.142
0.171

A,„/%cop

6.371
6.357
6.365
6.372
6.395
6.418
6.436
6.391

kp/Aup

5.799
5.807
5.815
5.815
5.816
5.817
5.815
5.829

'Average value for ' Er and ' Yb.
Reduced by 20% in order to reproduce the BC and AD crossings.
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The CSM values (crosses) for the AD neutron crossing are given
as wc

perimental deformations have been used (Table VII),
which indeed show the proposed trend. However, the
same CSM calculations, with the same deformations,
predict (full points in Fig. 17) that the neutron BC cross-
ing should happen in ' Er at a definitely lower critical
frequency (fm, =0.375 MeV) than suggested by Riley
et al. (A'co, —:0.40 MeV), in line with the experimental
data on ' ' ' Er (squares in Fig. 17). There are thus
problems with the gain in aligned angular momentum and
with the critical frequency if the A'B' and BC crossings
are assumed to coincide in ' Er.

It remains, however, that, from the point of view of our
CSM calculations, the absence of the BC neutron crossing
around fico=0.375 MeV in the favored band of ' Er
represents a problem. One possible explanation, which we
have already discussed in Ref. 18, could be that the in-
teraction

~
V~ at the BCcrossing could be larger in this

nucleus than in its neighbors, thereby making the crossing
undiscernible. This wou1d imply that the oscillations of

~
Vsc

~

as a function of the neutron number would be
shifted by one unit with respect to the present CSM calcu-
lations shown in Fig. 17. Nevertheless, we can safely con-
clude that, since the BC crossing is anyway blocked in the
s band of even-even nuclei, only the A pB~ proton crossing
can be responsible for the second backbending observed in
these nuclei, in particular in ' Er.

From the data obtained in the present work, the nature
of the sideband established in the nucleus ' Er could not
be determined. According to Riley et al. , this band cor-
responds to the excited quasineutron configuration EAB
below ~=0.40 MeV, and to the configuration
EAB A~B„above Acu =0.40 MeV.

and calculated crossing frequencies, but only a qualitative
agreement for the alignment gains: experimentally, the
latter decreases faster with the number of neutrons than
predicted by the theory. Nevertheless, our ' Er experi-
mental data (fico, =0.40 MeV, hi„&5.7A') fit better into
the systematics of the A~B„proton crossing. Indeed, one
expects a lower frequency for the BC neutron crossing
(fun, =0.375 MeV) than for the A'B& proton crossing
(fico, =—0.386 MeV).

It has been stated by Riley et al. ' that, in the favored
band of ' Er, the A PB„proton alignment coincides with
the BC neutron alignment at a frequency of 0.40 MeV. In
that case, however, the total gain of aligned angular
momentum should be at least 10k: it is 8.7A and 8.0A' for
the A~B~ and BC crossings, respectively, in ' Er (Refs. 4
and 44), and 4.8A' and 5.2' for the A~B~ and BC cross-
ings, respectively, in ' Er, according to the experimental
data of Riley et al. This is not confirmed experimental-
ly: even if the 803 keV transition claimed by these au-
thors exists somewhere in the favored band (see Sec.
IIIA), bi„=7.76; if not, Ai„=5.7A'. The critical frequen-
cy Ace, for the A~B„crossing increases experimentally
with the neutron number in the Er isotopes (squares in
Fig. 17). The suggestion of Riley et al. that this trend is
due to an increase of the quadrupole deformation between

Er (Fig. 2 of Ref. 20) is confirmed by the present
CSM calculations (full points in Fig. 16), wherein the ex-

C. Further information obtained
from the experimental results

1. Triaxial shape transition in Trn

One of the most striking features of the experimental
data on the nucleus ' Tm is the large signature splitting
between the favored (a= ——,') and unfavored (a=+ —,')
bands at low spin, clearly visible in the i„(co) and e'(co)
plots of Fig. 13(c) [a is the band signature, which is con-
nected with the total angular momentum I by I=a mod2
(Ref. 12)]. However, this splitting (Ae'=100 keV at
fico=0.20 MeV) almost completely disappears above the
first backbending which is present in the two bands; a
close examination of the data shows that the energy split-
ting is actually inverted above the band crossing
(Ae'= —15 keV at fico=0.40 MeV). This particular
behavior of the Routhians has also been observed in the
isotone ' Ho, as well as in the nuclei ' ' Ho.

According to a suggestion of Frauendorf and May,
this behavior could be explained by introducing a triaxial
deformation for these nuclei, conveniently expressed by
the parameter y, where the Lund convention for the sign
of y has been used, and by assuming, furthermore, that
the alignment of a neutron pair changes the value of y.
T'he CSM calculations we have carried out for ' Tm with
nonzero y values show that the evolution of the signature
splitting with rotational frequency can indeed be repro-
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duced if one assumes that the deformation parameter y
changes from a negative value (y= —20 ) below the band
crossing to a positive value (y=+10') above the band
crossing (Fig. 18). In these calculations, the following
(constant) parameters were used: e2 ——0.20, e&———0.015,
and Ap ——0. 171%coo.

The triaxial shape transition observed in slightly de-
formed nuclei of the rare earth region can be understood,
on a broad basis, by stating that the aligned nucleons
"print" their orbital shape on the core." These nuclei are
accordingly called "y soft."

2. Magnetic dipole and electric quadrupole properties
across the backbending in ' Tm

Figure 11 shows that the nucleus ' Tm also displays a
signature splitting for the values of 8( Mi)/Qz, corre-
sponding to the favored and unfavored branches of its
yrast band. Furthermore, across the backbending region,
this ratio experiences a steep rise, by a factor of 15 to 25.

Recent lifetime measurements in the odd-Z nucleus
Ho, which behaves in a similar way as ' Tm with

respect to 8(M1)/Qo, have provided evidence that the
electric quadrupole moment Qo only slightly decreases (by
less than 10%%uo) over the investigated frequency range,
Ace=0—0.36 MeV. This means that the observed rise of
8(M1)/Qo in ' Ho is due to an important increase of
the magnetic dipole matrix elements 8(M1) across the
backbending region. According to the authors of Ref. 48,
the observed slight decrease of Qo is consistent with a tri-
axial shape transition from a negative to a positive value,
since Qo is proportional to cos(y+ 30').

In the nucleus ' Tm, the change from y= —20' to
+ 10' across the backbending, suggested by the change of

signature splitting as outlined in Sec. IV C1, would imply
an associated 20%%uo decrease of Qo. Consequently, if one
assumed that the electric quadrupole moment of ' Tm
experiences no stronger variation than that, Fig. 11 should
essentia11y display the qualitative behavior of the reduced
M 1 transition probability. As B(M1) is proportional to
(gz —gz ) in the strong coupling limit, Fig. 11 would then
suggest that gx is very close to gR before the backbend-
ing, and quite different above the backbending. This is
consistent with a strong decrease of g~, towards large
negative values, associated with the alignment of a pair of
i &3/2 neutrons at the first backbending in ' Tm.

0.00
(c}

3. Behavior of the moments of inertia
at high rotational frequency

-0,0'5

0.03

I

0.00

I

0.05 0.06

AM /flCU

FIG. 18. Quasiparticle diagrams for protons in "9Tm, calcu-
lated as outlined in Sec. IVB, with the parameters given in
Table VII, and with y = —20 (a) and y =+10' (b). An enlarged
part of (b) corresponding to the dotted rectangle is given in (c).

Due to the Coriolis antipairing (CAP) effect, "9 the nu-
clear pairing correlations are expected to decrease, and
possibly variish, at very high rotational frequencies. Ex-
perimentally, information on these pairing correlations
can be obtained by investigating the variation of the nu-
clear moment of inertia with the rotational frequency.
The kinematical and dynamical moments of inertia are
defined by W'"=I~/co and W' '=dI„/den, respectively.
They can be calculated by taking for I, either the collec-
tive rotation contribution only, or the collective rotation
and particle alignment contributions, ' in which cases the
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moments of inertia are called collective (W„») or effective
(W ff), respectively. The quantities W,'rf and W,'rf can be
deduced from the discrete transition energies in one band.
The value of W,',I& is generally determined from transition
energy correlation measurements. In fact, the width 8'
of the central valley, which can usually be observed in a
continuum-subtracted E&~ &Eyz matrix, is inversely pro-
portional to Wc', &~,

~2) 8A~ coll

10000

5000

5000

1000

0-
1000

0
&r

750

120 ~

390 '- 50 keV 0.195

580+ 50 keV 0.290

770+ 50 keV p.385

960+ 50 keV 0.480
t'

A contour plot of the & onefold E&~ )&E&2 coincidence
matrix we have recorded for the ' 'Pr+ 22Ne(120 MeV)
reaction, after subtraction of the uncorrelated events, is
shown in Fig. 19, and spectra corresponding to cuts per-
pendicular to the main diagonal are displayed in Fig. 20.
It is apparent that the width of the central valley de-
creases with increasing rotationaI frequency, and hence
that the collective moment of inertia W,'»~ increases with
fico. It is, however, difficult to extract accurate values of
X,I, from these data, due to the limited statistics avail-
able, to the uncertainties in the uncorrelated background
substraction procedure (Sec. IIA2), and to the lack of
sharp "ridges" delimiting the central valley (Figs. 19 and
20). Consequently, the plot of W,', I~ vs duo shown in Fig.
21 should only give the general trend of the variation of
the former as a function of the latter. It should also be
noticed that, although the ( Ne, 4n) reaction leading to

Tm dominates in the plot of Fig. 19 (Sec. III B), other
neighboring nuclei also contribute to this diagram.

In Fig. 21, the values of W,'ff' and W,'ff vs %co for the
m.h

& ~ &2 band in ' Tm are also shown; J,'~f is only
displayed for Acu&0. 3 MeV, since this quantity experi-
ences wild variations in the backbending region, outside
the scale of Fig. 21, as is well known. The rigid moment
of inertia W„g;d has been computed for an ellipsoidally
shaped rigid body with 3=159 and e2 ——0.20, yielding a

I I I t I I I t l I I

0

500

p I

-600 -400 -200 0

1150 50 keV p 575

I I 1340+ 50 keV 0.670

200 400 600

E, -E, (keY)
FIG. 20. Cuts perpendicular to the main diagonal in the

E» )&E» contour plot of Fig. 19. The corresponding values of
Ey —(Ey f + Ey2 )/2 are given on the right-hand side, together
with the associated rotational frequencies Ace. The width of the
central valley, in keV, is indicated for each cut.

value of 68.5 MeV ' fi, also indicated in Fig. 21.
In spite of the above-mentioned words of caution, the

data displayed in Fig. 21 suggest that, with increas-
ing rotational frequency, Xf'f', W,'g, and W,', I~ tend to-
wards the same constant value, which is close to the cal-
culated W„g;d. This could be interpreted as an indication
that the pairing correlations are strongly reduced at rota-
tional frequencies above fico=0.50 MeV in ' Tm. Similar
features have recently been observed in some other de-
formed nuclei, i.e., "Zr, ' Ce, and ' Hf, and similar
conclusions have been drawn in these cases. It should,
however, be pointed out that the relation between the
above-mentioned behavior of the various moments of iner-
tia and the evidences for pairing collapse has recently been
questioned, so that further work on this problem, experi-
mental and theoretical, is clearly needed.
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Flax. 19. Transition energy corre)ations, i.e., E~& XE~2 con-

tour plot, for the ' 'Pr( Ne, sn)' Tm reaction at E( Ne)=120
MeV. Prominent transitions in ' Tm (Table II) are indicated by
thin horizontal lines, with their energies in keV. The energy
scales on the E& and E2 axes are given in MeV.
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0.25 0.50 0,75
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FIG. 21. Plot of the effective and collective moments of iner-

tia, W', f&, Aff', and W,', I&, defined and deduced as outlined in Sec.
IVC 3 vs the rotational frequency ~, for the nucleus ' Tm.
The calculated value of the rigid moment of inertia W„g;d is also
indicated.
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V. SUMMARY

In the present work, high-spin states have been investi-
gated in the odd-N nucleus ' Er and in the odd-Z nu-
cleus ' Tm by the ' Sn( Ar, 5n) and ' 'Pr( Ne, 4n) reac-
tions, respectively. In ' Er, the favored band (a=+ —,')
has been established up to the I"=—, level, correspond-
ing to a rotational frequency Ace=0.417 MeV; in ' Tm,
the favored (a = ——,

'
) and unfavored (a = + —,) bands have

been measured up to the levels with I = —", (duo=0. 454
MeV) and —', (fun =0.480 MeV), respectively In. the two
nuclei, this is well above the frequency region where a
second backbending is known to occur in the neighboring
even-even nuclei. A sharp upbending has been observed in
the favored band of ' Er at qua=0. 40 MeV, whereas in

Tm, no evidence for a pair alignment in the frequency
range 0.30 MeV &Ace&0.48 MeV has been obtained.
Data have also been obtained on a sideband in ' Er, as
well as on the (vit3iz) (rh»iq) bands in the odd-odd nu-
cleus '58Tm.

The experimental data have been interpreted in the
framework of the cranked shell model. The comparison
of the experimental crossing frequencies and gains in
aligned angular momentum with CSM calculations on the
one hand, and with the experimental systematics of neigh-
boring nuclei on the other hand, shows that the upbending
in ' Er is connected with the A~Bp proton crossing,
which is blocked in the two branches of the h&&i2 yrast
band of ' Tm. One can thereby conclude that the second
backbending observed in the yrast band of even-even nu-
clei near A = 158 is due to the RAL of a pair of h i biz pro-
tons.

Furthermore, in the present work, evidence has been ob-
tained for a triaxial shape transition in the nucleus ' Tm.
Indeed, the reduction, and even inversion, of the energy
splitting between the R.outhians with signatures o.=+—,

'

and ——, above the first backbending can only be ex-
plained, in the framework of CSM calculations, by assum-
ing a change from a negative to a positive value for the
triaxiality parameter y.

The analysis of the discrete transition energies and of
the transition energy correlations in the nucleus ' Tm has
yielded information on the evolution of the kinematical
and dynamical moments of inertia at extremely high rota-
tional frequencies. These results suggest that, above~=0 50 M ~& jeff~ jeff& a d ~coJJ aPProach the rigid
rotor value. The possible implications of this remark on
the expected transition from the superfluid to the normal
phase (pairing collapse) have been discussed.
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