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FIG. 2. 90% C. L, upper limit on the ratio et/r* as
a function of the lower limit in p ; accepted in the data.

probability then depends on the sum of the semi-
electronic branching rations (R) of the charmed
particles, and one obtains a 90%-C.L. limit for
any charm-production channel cross section 0:
O'[R1+R2]<2.4 ub. In the case of charmed-meson-
pair production, the semielectronic branching
ratio (9.4 1,4)% is indicated by e*e” storage ring
experiments,® and we obtain 0 <13 ub at 90% C.L.
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We suggest that the crossing of the ground rotational band by a second rotational-
aligned band may in fact be a double crossing, From extrapolations of the rotational en-
ergy formula, we show that one could expect such a second crossing around I~ 30 in
18Er, This provides an alternative explanation in terms of a double band crossing for
the second discontinuity recently observed in the moment of inertia about I=28 in !8Er,

The general understanding of the phenomena of
backbending, where there occurs a sudden large
increase in the moment of inertia, 9, and rever-
sal of the monotonic increase in energy level
spacings, is that the ground band is crossed by
an excited super band with a larger g than that of
the ground band. The various interpretations of
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the nature of the second bands have been dis-
cussed in several reviews.'! In the light-mass
rare-earth nuclei, the rotational alignment ef-
fect? involving the v(Z ,,)* configuration most
probably produces the backbending observed
around /=14" in the yrast cascades (see Stephens,
Faessler, and co-workers'3),

© 1978 The American Physical Society
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For I<I g the levels are considered to be-
long to the GRB (ground rotational band) and
above /s to the SB (super band). An intriguing
question has been what happens for I =20. Very
recently Lee ef al.* have observed yrast states
to spin 28" and probably 32" in *®Er. They ob-
serve a second discontinuity between spin 26 and
28. As possible explanations of this second dis-
continuity, they considered the sudden collapse
of the pairing correlation.® While this cannot be
ruled out, they point out that calculations®'” sug-
gest that pairing effects do not cause sudden
changes in 9. Since the first backbending in this
case is probably from the alignment of a pair of
i,4, neutrons, they suggest that the more likely
possibility is that at higher spin additional pairs
of high-j nucleons are aligned to cause the second
discontinuity in *®*Er. They suggest that the sec-
ond pair would be additional ¢, neutrons or &,,,
protons.

In this Letter we wish to point out another al-
ternative explanation of the second discontinuity.
As we shall see, if the SB is really based on an
aligned two-particle (high j)? configuration with
I,=2j-1>0, then the SB should cross the GRB
not once but twice.

The energy of the GRB levels can be described
by the expansion

E(D= 2 a,w®, n=1,2,3,... (1)
n=y

Generally a four-term expansion is used?®
E (D) =aw;®+Bwr +yw ®+ 0w, 8 (2)

with the parameters derived from the experimen-
tal energies for /<10, In Fig. 1, it is seen that
in a nucleus where no backbending or band cross-
ing is observed,®® up to I=18 in Hf and =24 in
238U, the formula nicely describes the experi-
mental data. While it is not known to how high
spin Eq. (2) may be useful for a rotational band,
the general trends predicted by it may be quali-
tatively reasonably good up to even higher spins
than 18 to 24 for the GRB’s based on the "Hf

and 23%U data.

We fitted Eq. (2) to the experimental data for
I<10 and calculated E,y(I) for the GRB to high
spin for comparison with the experimental yrast
cascades in three nuclei with strong, medium,

and weak backbending, “®Er, *®Dy, and 7Hf.%:101

The results are given in Table I, with the results
for ®Er also shown in Fig. 2. In all three cases
one finds that there is a double crossing of the

GRB and the SB. Also one finds that the stronger

MeV

® 238u

@ I76Hf

Spin

FIG. 1. The experimental level energies as a func-
tion of spin for "Hf and %%V, connected by a theoreti-
cal curve derived by fitting Eq. (2) to the experimental
energies for 71<10 for "SHf and 71=<12 for %V, The dif-
ferences between the curves and the data points are
=1 keV for I=<16" and gradually increased to only 17
keV at I=24% for 238U and are 2 and 10 keV at 16" and
18* in 1"SHf, These differences are too small to be ob-
served in the figure.

the backbending, the higher is I for the second
crossing and the larger is Al=] o5, =g, FOr
BEEr, Iqossp™30; for **Dy, I .s,~ 26 and for
Y4HE, I g05s,~22. For “°Er, this predicted /s,
=~ 30 is remarkably consistent with the observed*
experimental second discontinuity about spin 28.
Of course, when any backbending effect is small
as in **®*Dy and 'Hf, the GRB and SB bands are
closer and mixing is stronger and can occur for
many spins. Thus the predicted second crossings
may not be seen until one reaches much higher
spin, although an anomaly has already been noted
in '™Hf about spin 20 or 22,12

A crucial question is what evidence do we have
that the GRB can be described by Eq. (2) above
the first crossing? In other regions where two
bands with different structures cross with states
in both bands observed above and below the cross-
ings such as 18418:18}o  the two bands follow the
I(I+1) rule away from the crossing remarkably

745



VoLuME 40, NUMBER 12

PHYSICAL REVIEW LETTERS

20 MARCH 1978

TABLE I. The experimental yrast levels in 158y, 158Dy, and 1MHf are
given along with the calculated energies (Ref. 8) of the ground-state rota-

tional band as obtained from Eq. (2) fitted to I" <10*. All energies in keV.

19Er Levels

158Dy levels

11411 Jevels

Spin Expt. GRB_,, Expt. GRB, 1, Expt. GRB,1c,
2 192 193 98.9 98.9 91.0 91.0
4 527 529 317.5 317.5 297.4 297.5
6 970 972 637.6 637.6 608.4 608.2
8 1493 1497 1044.0 1044.2 1009.4 1009.6

10 2072 2076 1519.9 1519.3 1485.9 1485.9
12 2680 2694 2049.2 2047.2 2023.2 2022.5
14 3190 3339 2612.5 2615.5 2599.5 2606.7
16 3663 4006 3190.5 3215.7 3211.1 3229.3
18 4229 4691 3781.5 3841.8 3859.1 3883.4
20 4887 5391 4407.3 4489.6 4554.0 4563
22 5622 6105 5085.4 5156.1 5295.5 5263
24 6428 6830 5819.9 5838.9 5983
26 7271 7562 6611.2 6540

28 8126 8302

30 8997 9050

32 9899 9810

well.*®'* More recently we have observed the
GRB above the crossing by two rotational aligned
bands in %8Ge and the 8* and (10*) GRB states are

nicely predicted by fits of Eq. (2) to the states up
to spin 6°.%° Since this paper was submitted,
other new data have become available which clear-
ly support that the expansion is good above the
crossing. In neighboring *¢Er, Johnson et al.'®
observe states above and below the crossing of

the ground band and super band at /=16, Fitting
the 7 <10 states to Eq. (2), we find that the fitted
energies agree exactly for /<10 and are as fol-
lows above that with the fitted energies in paren-

100} /
(MeV) 7
75} 7
I/'
E o
Vd (exp)
GRB —
(cal) ,"
5o
l"
I/l
. / 158
25+
GRB—
(exp)
ICI IC:
; A ] ) ) N |

o 4 8 12 16 20 24 28 32

FIG. 2. The experimental yrast level energies for
18Er. The GRB is crossed about I=12 by SB. A fit of
the experimental levels with 7<10 to Eq. (2) yielded
the theoretical curve for the GRB shown as a dashed
curve. The experimental yrast curve is crossed a sec-
ond time by the calculated GRB curve about 7= 30.
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theses: 12%, 2082.8 (2083.0); 14*, 2702.6 (2708.1);
16", 3411.2 (3383.7); 18", 4121,2 (4102.0); (20%),
4868.4 (4856.7); (22%), 5651.5 (5642.7) keV.
There is a jump of 27.5 keV in the experimental
energy over the fitted one at the crossing point
where mixing would push up this level. After
that the experimental levels are similarly 10-20
keV higher than the fit as may be expected from
the pushing up of the 16" level. Thus, the expan-
sion works for the next three states above the
first crossing point to offer strong support to our
use of it above the first crossing in *®*Er.

The reason for the prediction of a second cross-
ing of the GRB and SB is that at high / the y-ray
energies, E,GRB, for the GRB based on Eq. (2) do
not increase as fast as EySB for the same I. After
Teoss 15 E4S°U) > E,®(I) (because 95> I°%%), but at
some Ioussy E (1) <E,*(I) again, (This can
lead to Jefs>9yigq Which is possible because Jes
is not a real moment of inertia, and there are
many reasons to decrease E, in addition to a
real increase in the amount of inertia.) In *®*Er
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up to 1=32, 9.¢; is always less than g 44, how-
ever. If the SB is a rotational aligned one, then
the above behavior is expected because of the
large difference in the collective (rotational) an-
gular momentum of the states of the same I in
each band; e.g., for the GRB, R =1 but for an
aligned, SB, R =1 -1, with I,=8-12 so that the
correction AE to E.’ "(I), AE =ywg® +dwg®
(which experimentally is found to be negative),
is much larger for the GRB levels than that for
the SB levels at a given I even though this equa-
tion should not strictly hold for the SB which is
not a pure K=0 band. Thus for a rotational
aligned SB, E,™ can increase more strongly
with I at high spln than E,°*® and lead to a dou-
ble crossing of the two bands. For »®Er, one
can turn the argument around to say the follow-
ing: If the observed second discontinuity in the
yrast cascade for °Er is a result of a second
crossing of the GRB and SB, then the SB is a
rotational aligned band. Of course, perturbation
of the GRB by the SB should occur to some de-
gree and may be responsible for the difference
between the expected second backbending about
1= 28 and our prediction at /= 32. In any case the
above arguments indicate that for weak back-
bending, when a rotational aligned band crosses
the GRB, one should expect that the states above
the crossing will be mixed for many spins, and
even for strong backbending, the states in the
two bands should come back together so that mix-
tures of these two bands may occur again at high-
er spin. Our proposed second crossing of the
GRB and SB levels can be tested by experimental-
ly seeking to follow the GRB to levels with spins
above the first crossing to see how the energies
of these levels compare with those predicted by
Eq. (2) for ®%Er,
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