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Lifetimes for Levels above the "Rotational Phase Change" in ""Er

D. Ward, H. R. Andrews, J. S. Geiger, and R. L. Graham
Atomic Energy of Canada I.imited, Physics Division, Chalk Rives ¹cleaxI.aboxatories,

Chalk River, Ontario, Canada

J. F. Sharpey-Schafer
Physics Department, University of I-ivexpool, I.ivewpool, England

(Received 30 January 1973)

Recoil-distance decay curves for ground-band transitions in Er were measured using
a y-y coincidence technique and the reaction t30Te(3~8, 4n)~58Er. We find that the mean
lifetimes for the 14, 16, and 18 levels are, respectively, 3.0+0.7, 2.5+0.9, and &2.2
psec. These results are consistent with the rotational model in spite of the severe "back-
bending" of the level spacings.

Experiments have shown that rotational-energy-
level spacings in some rare-earth nuclei exhibit
anomalous behavior above spins of -14+.~~ One
interpretation of the effect attributes it to the sud-
den change in the moment of inertia which accom-
panies a phase transition between the supercon-
ducting and normal states. Other explanations
have been given in terms of the apparent crossing
of the ground band mith an excited band having a
larger moment of inertia. v' In the case of a
phase transition one would expect that reduced
E2 transition probabilities between states in dif-
ferent phases should be severely hindered. ' How-
ever, in the case of band crossing, calculations
by Stephens and Simon' indicate that B(E2) values
in the region of the crossing will be changed only
slightly from the rotational values. To test these
predictions we have used the Doppler-shift recoil-
distance method to measure lifetimes of the 8',
10+, 12+, 14+, and 16+ levels in ~' Er, a nucleus
in which the effects of the phase transition on the
ground-band spacing is particularly marked. '
Lifetimes to spin 8+ have been measured by Dia-
mond et al. '

The recoil distance apparatus used is described
by Bud et a/. The target-stopper distance was
monitored on an event-by-event basis during the
measurements, and the zero of distance was de-
termined by extrapolation of the 1/capacity ver-
sus distance curve to 1/capacity=0. Data were
taken at five target-stopper separations in the
range 14-45 pm. The high-spin levels in '"Er
were populated in the reaction t3'Te(a' S, 4n)'"Er
using 135-MeV '28 ions from the upgraded Chalk
River tandem accelerator. The "'Te targets
were prepared by evaporating -1 mg/cm2 of en-
riched ~3cTe onto a, -150-pg/cm' stretched Al

backing. The beam was incident on the Te-coated
side of the target foil so as to utilize the maxi-
mum available 3~8 energy and to avoid any possi-
bility of bulk transfer of target material to the
lead stopper. De-excitation y rays were detected
in 70-cm Ge(Li) detectors positioned at +0' and
—54' to the incident beam. y-y coincidences
were recorded as four-parameter related ad-
dress events on magnetic tape (two pulse heights,
time, and target-stopper capacity). Examples of
the coincidence y-ray spectra are shown in Fig. 1.

The relative intensities of the ground-band tran-
sitions as seen in singles are given in Table I
and show that the lower spin states are populated
by side feeds as well as by cascades from higher
members of the band. Side feeding makes no con-
tribution to the y peaks in coincidence spectra
gated by band members higher than themselves.
The decay curves derived from these coincidence
data are interpretable in terms of the "singles"
decay curve for the gating transition and the
mean lives of the intervening levels between the
gate transition and the analyzed peak. The great-
est simplification results when the gating transi-
tion is chosen to be the one immediately preced-
ing the level of interest. Unfortunately, the
small number of counts in the 16+- 14+, 14+- 12+,
and 12'- 10+ y peaks in the coincidence spectra
led to very noisy decay curves. For each of
these cases we have therefore summed the data
for all five distances (for example, the third
spectrum in Fig. 1) and determined the "stopped"
peak intensity y, and the total peak intensity y,
+y from these summed spectra. The corre-
sponding predicted ratio y, /(y, +y ), for a given
level mean life v., is a weighted mean of the pre-
dictions for the five distances involved. We have
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FIG. l. Sample coincidence spectra at 0' recorded for various plunger-target separations. y-rays emitted when
the recoiling Er nllclei were at reat appear in their nnshifted position (labeled 8) while tho8e emitted in flight
were shifted by the Doppler effect (e/c =1.5%) and are labeled m. The recoil velocity corresponded to -4.5 pm/
psec.

used the intensity of the 4 -2+ y ray as observed
at each distance as the weighting factor in deduc-
ing the composite ratio. The overlap of the
stopped peak of the 510-keV 14+- 12' transition
with annihilation radiation called for special
treatment of this case. The intensity of the
"stopped" peak was not deduced from the 510-
keV peak of the spectrum but was inferred from
the fact that the total intensity of the 14+-12+
transition equals that of each of the lower rota-
tional transitions in the relevant coincidence
spectra. The lifetimes obtained for the 16+, 14',

12+, and 10+ levels are given in Table I.
Given this knowledge of the 16+-, 3.4+-, 12+-,

and 10 -level lifetiDles, it ls possiMe to deduce
qualitative information concerning the side-feed
times from decay curves deduced from the sin-
gles spectra or from the total coincidence projec-
tions. Decay curves from these data are shown
in Fig. 2. The lifetimes for side feeding were
analyzed with a computer program which calcu-
lates decay curves for a cascade with arbitrary
side feedings at each step. The solid line through
the 16'-14+ data in Fig. 2 is calculated from the
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TABLE I. Summary of lifetimes in Er.

Trans ition Energy Re lative Intens ity Linet ime S(E2) 8 (E2) /Rot

2 ~ 0

4 ~ 2

6 ~ 4

8 ~ 6

1Q ~8
12 - 10

14 ~ 12

16 ~ 14

18. ~ 16

(keV)

192.7

335.7

443.8

523.8

578.9

608. 1

510

473. 2

(This expt)

100 + 5

100

100

89 +5

65 y5
63 +4
40

37 y4
27 +3

(ps)

433 + 22

20.8 y 1.0a)

4. 0 + 0.7a)

1.74 y 0. 7Q
a)

1.60 + 0.5

1.1 y 0. 5c)

&1)
3.0 * 0.7

2. 5 + 0.9
2b, c)

2 10 48 4cm

0.55 + 0.03

0.87 + 0.04

1.14 y Q. 19

1.08 y 0.34

1.12 y 0.50

& 0.9
0.77 + 0.18

l.35 + 0.48

& 0.6

1.10 + 0.05

1.31 y 0.27

1.17 + 0.40

1.2Q y Q. 56

0.80 q 0.19

1.4 + 0.35

) 0.6

~Ref. 9.
The decay curve for the 18+ 16+ transition corresponds to this lifetime; this is an upper limit since there will

also be a contribution from the "feed time. "
This work see text.
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FIG. 2. Recoil-distance decay curves for high-spin
states in Er. The data shown for the 18+ 16 and
16+ 14+ curves were derived from the total coinci-
dence projection, whereas the 12+ 10 data were de-
rived from a singles spectrum. The solid line through
the 18+ 16+ is a simple exponential decay curve cor-
responding to v=2.2 psec. The 16+ 14+ curve is a
two-parameter fit assuming a 2.2 psec feed through the
18+ level and 7'(16+) =2.5 psec. The solid curve which
falls above the 12+ 10+ data is obtained when side
feeding is ignored. Using side feeds inferred from a
smoothed plot of y intensity versus spin and side-feed
lifetimes of 1.5 psec (to 14+) and 1.6 psec (to 12+), we
obtain the dashed curve which fits the data well.

lifetime values of Table I, T(18+ plus feed) = 2.2
psec and r(16+) = 2.5 psec and neglects side feed-
ing. The agreement obtained may indicate that
the time distribution for side feeding into the 16+
state is very similar to the distribution arising
from the 18 state or, alternatively, that the
amount of this side feeding is very small. Lower
in the band, side feeding results in a faster de-
cay curve than that predicted from the lifetimes
in Table I for a simple cascade down the band.
This is illustrated in Fig. 2 by the solid line for
the 12+- 10+ tra.nsition. We find tha, t the 12+- 10+
and 10'- 8+ results can be reproduced simulta-
neously by assuming side-feed intensities (as in-
ferred from a smooth curve through the intensi-
ties of Table I plotted against spin I) and life-
times of 1.5 psec into the 14', 1.6 psec into the
12', and 2.4 psec into the 10' levels. It is dif-
ficult to assess the uncertainties in these quanti-
ties. Because of the overlap of the "stopped"
peak of the 14'- 12' transition and annihilation
radiation in the spectra we have not attempted
an analysis of the 14+-12+ decay curve.

In summary, the mean lifetime for side feeding
to the 12' and 10+ levels is -1-3 psec, which is
appreciably faster than feeding down the rotation-
al band from spin 18'. However, this is much
slower than would be expected for -12-MeV di-
rect dipole transitions to the rotational level
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froxn the region of the continuum populated follow-
ing the last neutron evaporation. The absence of
fast side feeding to the 10+ and 12+ states sug-
gests that at the peak of the 4m reaction the prob-
ability for entering Er with initial angular mo-
mentum 1I1 the range (9 13)jt ls small, presum-
ably because of the preferential evaporation of a
fifth Qeutx'OQ ln 10%' angulax' momentum colll-
slon.

If one interprets the "backbending" of the curve
of the nuclear moment of inertia versus the
square of the rotational frequency for the ~58Er

ground band (Ref. 3) as indicative of the nucleus
undergoing a pha, se change, then the 18+ and 16+
levels should belong to the "normal phase, "
whereas the 12' level (and down) should belong
to the "superconducting phase. " One would ex-
pect that the B(E2;16'- l4+) and B(E2;14'- l2')
would be inhibited relative to the x'otational va.l-
ue, but this is not the case according to the pres-
ent measurements. We hope that these results
will stimulate detailed calculations of B(E2) val-
ues in the neighborhood of the "phase change" in
158Kr

lA. Johnson, H. Ryde, and J. Sztarkier, Phys. Lett.
348, 605 (1971); A. Johnson, H. Hyde, and S. A. Hjorth
Nucl. Phys. A179, 753 (1972).

~P. Thieberger, A. W. Sunyar, P. C. Rogers, N. Lark
O. C. Kistner, E. der Mateosian, S. Cochavi, and E. H.
Auerbach, Phys. Bev. Lett. 28, 972 (1972).

3R. M. Lieder, H. Beuscher, %. F. Davidson, P, Jahn
H.-J. Probst, and C. Mayer-Boricke, Phys. Lett. 398,
196 (1972).

4H. Beuscher, W. F. Davidson, R. M. Lieder, and
C. Mayer-Boricke, Phys. Lett. 408, 449 (1972).

5P. Taras, W. Dehnhardt, S. J. Mills, M. Veggian,
J. C. Merdinger, U. Neumann, and B. Povh, Phys.
Lett. 41m, 295 (1972).

6B. R. Mottelson and J. G. Valatin, Phys. Rev. Lett.
5, 511 (1960).

J, Krumlinde and Z. Szymanski, Phys. Lett. 368,
j.57 (&97j.).

8F. S. Stephens and R. S. Simon, Nucl. Phys. A183,
2S7 (1972).

~R. M. Diamond, F. S. Stephens, W. H. Kelly, and
D. Ward, Phys. Bev. Lett. 22, 546 (1969).0¹Rud, G. T. Ewan, A. Christy, D. Ward, R. L.
Graham, and J. S. Geiger, Nucl. Phys. A191, 545
(]972)

~~J. O. Ne~ton, Z. S. Stephens, R. M. Diamond, %. H.
Kelly, and D. Ward, Nucl. Phys. A141, 631 (1970).

Mixing of Two-Particle, Two-Hole States in 'osPof

T. S. Bhatia* and T. R. Canada)
¹olear Physios 1aboratory, University of Pittsburgh, Pittsburgh, Pennsylvania .15218

P. D. Barnes, R. Eisenstein, C. Ellegaard, 5 and E. Roxnberg II

Department of Physios, Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 3 January 1973)

States of 2 Po up to an excitation energy of 2 MeV have been investigated via the tmo-
neutron pickup reaction Po(P, t) Po. We have extracted angular distributions for the
five observed states of Po and have made J assignments. These states are discussed
in terms of the excitation of simple modes observed in Pb and ' Po. Matrix elements
have been extracted for the interaction bet&veen the bvo-neutron-hole 2+ excitations and
the toro-proton-particle 2 excitations and compared vrith simple theoretical estimates,

A well-known feature of the excitation spectra
of spherical even-even nuclei is the low-energy
collective 2 state. It is usually the first excited
state and is strongly excited in both inelastic
scattering and two-nucleon transfer reactions.
Its properties have been discussed extensively
1Q the literature ' both ln terms of Dllcroscoplc
wave functions resulting from some residual in-
teractions and also as.an elementary excitation
mode or "building block" of the nuclear excita-

tlon scheme. Both these appx'oaches have been
applied successfully in the lead region. In the
present paper we address ourselves to the ques-
tion of what role the neutron-pxoton fox'ce plays
in the generation of these states. In the vicinity
of a doubly magic nucleus, as Pb, some of the
elementary excitations may be characterized as
specifically particle ox hole type as well as neu-
tron or proton type, and the question becomes,
to what extent axe neutron- and proton-type build-


