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Rotational Inertia of Nuclei
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A new method to determine dynamic effective moments of inertia at high rotational
frequencies is presented. The very large values found at the highest spins (505-55k )
in some Er and Yb nuclei are most likely explained by the alignment of high- j proton
orbitals, and could imply triaxial shapes.

PACS numbers: 21.10.Ft, 21.10.Pc

In a rotational nucleus angular momentum is
usually generated either by collective rotation or
by alignment of single-particle angular momentum
along the rotation axis. The competition of these
two modes can be studied by measuring different
types of moment of inertia. ' The kinematic mo-
ment of inertia, ' &'" =I/~, is related to the
overall motion of the nucleus. However, &'"
does not necessarily describe the response of
the system to a torque. That response is related
to the differential quantity dI/d~ which is called
a dynamic moment of inertia &~'~, and is the rate
of change in spin with frequency. When there
are changes in the internal structure of the nu-
cleus, such as alignment of single-particle angu-
lar momentum, I/(u will be different from dI/d~,
reflecting the fact that the nuclear motion is not
the simple rotation of a rigid body. These two
types of moments of inertia can be defined for
any sequence of levels. The collective rotation
generates bands, and it is therefore natural to de-
fine moments of inertia within a band as & b, „d '
=(dI/d~) b, „d. They can be measured experimen-
tally either from discrete lines or from y-y cor-
relation studies. ' However, a decay path consists
of a succession of such bands having different
particle alignments. It is then also natural to de-
fine effective moments of inertia as &,~f

"= (dI/
d(u)p„h, which include oofy collective effects and
particle alignment. b, „d" and &,ff" are com-
plementary and are the only two moments of iner-
tia presently measurable in the continuum region.
Their comparison gives the increase in alignment
&i in a frequency region where the total change of
spin is &I: &i/&1=i —& byrd /5'off ", 5'off
the integral of &,qf ', varies much more smooth-
ly than &,ff" and is only sensitive to general
properties like mass, shape, and pairing correla-
tions.

Both , ff
" and &,ff'" can be determined from

the detection of unresolved (continuum) y rays
emitted after compound-nucleus reactions, in

which case they are averaged over many decay
paths. The first one has been determined by a

centroid method' ' from the evolution of the p-
ray spectra obtained in coincidence with slices of
increasing total y-ray energy (spin) detected in a

sum crystal. "
However, &,~q'" is thereby aver-

aged over a wide range of spins corresponding
typically to —50% of the mean entry spin. The
value of &,qf'" is related to the height of they-
ray spectrum (normalized to the y-ray multiplici-
ty). Since, in a rotational nucleus, the transi-
tions are predominantly stretched E2, their num-
ber dN is = dI/2, and the spectrum height H per
unit energy interval is dN/d& z

= dI/4d~ = &,&f

In this case &,ff'" is obtained for a spread of
frequencies essentially determined by the NaI
resolution, which is about 5/0 in the 0.5-MeV fre-
quency region. But II is a measure of dI/4d&u

only in the frequency region which is fully popu-
lated, ' i.e., up to about 0.35 MeV.

In this Letter, we present a way to correct
these spectra for the feeding. It will allow the
determination of , qq'" at frequencies up to about
0.7 MeV in rotational nuclei, higher and with
better resolution than previously possible. We
take the direct feeding (or feeding curve) corre-
sponding to a certain sum slice to be df/dI, so
that the total feeding at spin I, is g(I, ) = f&, (df/
dI)dI, normalized to g(1, =0) =l =1,"(df/dI)dI. If,
on the average, the angular momentum I varies
monotonically with frequency (which is true' in
rotational nuclei), the population above spin I,
is also above the corresponding frequency „
and the feeding curve in angular momentum cor-
responds to an average feeding curve in frequen-
cy df/d&, being given by

df df d(u l df
dI ' d ' dI ' &, ,'"(&u) d~

For stretched E2 transitions, the spectrum at
spin I, is -', g(I„), and the observed spectrum at
cu, will be given by h(wy) —2+ ff (~g)g(Iy)
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=H(~, )g(I,). Under the assumption that the next
sum slice has a similar feeding pattern, slightly
shifted in spin by a step' &I, its observed spec-
trum is h~(m, ) =-', &,ff (~,)jl, ~~(df/dI)dI, and the
difference of these two spectra at a frequency I
is Ah(&u, ) =~8'aff ((og)AI[df/dI]g = 261[df/des](u, ,
the feeding curve multiplied by a constant step
size &I which cancels out in the normalization.
Having determined df/d+ from the difference
spectrum Ah(&u) (nonzero between ~;, and ~ „),
one can correct h(~) to obtain the true spec-
trum H(~) corresponding to full feeding:

H(~) =h(&u
&m ax df ~m ax df

d(d 4(d
Q(d d(dmin (d

for &u;,&~ & a,„, and H(&u) =h(~) for ar& w

Typically (d;„ is of order 0.35 MeV and , „ is
about 0.8 MeV, so that this method can double
the range of frequencies for which &,ff" ean be
deduced.

The method has been tested with a model pro-
gram' that generates spectra from spin slices
similar to the experimental ones (Gaussians with
a superimposed spin cutoff), and then treats them
exactly like the data. It has been found that the
feeding correction is sensitive to (1) the spin
step (which should be ~ 10%%uo of the width of the
feeding curve) and (2) shape changes in the feed-
ing curve. For conditions approximating the ex-
perimental situation, the results are much better
if the spectrum corresponding to the lower spin
slice is corrected, and the error rarely exceeds
10%%uo for corrections of a factor of 2. It seems
likely that this remains true even if the width of
the frequency distribution at a given spin becomes
comparable to the width of the feeding curve. '
More details will be presented in a forthcoming
paper.

Three different rotational systems have been
studied at the 88-in. cyclotron of the Lawrence
Berkeley Laboratory: "'Te+ "Ar, '"Te+ "Ar,
and '"Sn+ 'Ar at 185 MeV. These lead essential-
ly to I66 I65 Yb I62 I61Yb and 160' I59Er respectj
ly. The targets mere all backed with lead, which
stops the beam with very little background and
prevents the attenuation of the product angular
distributions by hyperfine fields. The total ener-
gy was recorded in two 33-cm-diam & 20-cm-
thick sum crystals whose axes were vertical and
centered on the target and whose front faces
were 1.9 cm away from the target. The y-ray
spectra were recorded in seven 12.7-cm & 15.2-
cm NaI detectors in coincidence with the sum
crystals. One NaI crystal was at 90' to the beam;
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the other six were as close as possible to 0 or
180'. A Ge(Li) detector at 90, also in coinci-
dence with the sum crystals, identified the reac-
tion products for different total y-ray energies.
For each sum slice considered (properly correct
ed for solid angle), the unfolded z-ray spectra
from all NaI detectors were added and normal-
ized to their multiplicity (measured from the
ratio of coincidences to sum-crystal singles). A

statistical spectrum of the form E~' exp(-Ez/'I'),
with T =0.5 MeV and normalized in the 2.4 to 4
MeV region, was then subtracted. The remaining
yrast part of the spectrum was corrected for
feeding as outlined above. The experimental 0'/
90' ratio was then used to obtain the isotropic
corrected spectrum which is directly proportion-
al to ~,qf

' . Pileup effects in the NaI detectors
are less than 5%%uo in the frequency region of inter-
est and therefore have been neglected. Examples
of both spectra and difference spectra are given
in Ref. 4.

Figure l(a) shows three different &,fq'" spectra
as a function of frequency for the '"Te+' Ar sys-
tem. They correspond to various diff erences of
y-ray spectra, all with steps of 7%%uo to 8%%uo of their
width: Two are deduced from low-spin slices
(triangles) and high-spin slices (squares) and the
third (circles) covers both ranges. They are in
remarkable agreement, although the feeding cor-
rections at a given frequency are quite different
for these various spectra. In general, one does
not necessarily expect these curves to be identi-
cal since the deexcitation pathmays might differ,
and in fact the curves do differ at low frequencies
due to the formation of different product nuclei.
In the present cases, the paths followed at higher
frequencies are similar enough to give consistent
values for different entry spins, and to give confi-
dence in the validity of the method. For correc-
tions up to a factor of 2, the standard deviation
of the results is expected to be -

10%%uo. Although
the data are very consistent for corrections up
to a factor of 4, the model calculations show that
under a few special conditions, mhich cannot be
excluded experimentally, the errors can become
several times larger in this region.

The peaks at 0.22 and 0.28 MeV in Fig. 1(a) are
the known discrete lines in the product nuclei'"' 'Yb. The first backbend around 0.3 MeV in
the even '"Yb nucleus also shows up as a peak
since several transitions are piled up near the
same frequency. Such an alignment generates a
large amount of angular momentum in a small
frequency range. The blocked backbend is also
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FIG. 2. Plots of ref f ~ ~ as a function of Su, deduced
from the centroid method (symbols), and Q~ff ~ inte-
gral (lines) for the following systems: ~ Sn+ Ar (in-
verted triangles, solid line), Te+ Ar (plusses, dot-
ted line), Te + Ar (diamonds, dashed line).
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FIG. 1. (a) Ref f as a function of S~ for the system
6Te+ Ar (see text). In each of these plots, the filled

symbols show location of 50% and 25% feeding (correc-
tion factors of 2 and 4, respectively); spectra are not
plotted beyond the 25$p feeding point. (b) Average of
plots similar to those in (a) for the systems Sn+ Ar
(thick solid line), 6Te+4 Ar (dotted line), 3 Te+ Ar
{thick dashed line). In each case, the arrow locates the
507p feeding point. Also shown are some values of
g b»d~ ~ for 4Sn+4 Ar {thin solid lines) and 3 Te+ Ar
(thin dashed lines).

seen as a small bump around 0.35 MeV.
Beyond the known discrete lines, the most im-

pressive feature in Fig. 1(a) is the large rise of

f f starting at a frequency of 0 ~ 5 MeV and con-
tinuing up to the highest ones measurable around
0.7 MeV. Such an increase is most likely to be
produced either by a shape change or by some
alignment effects, or both. Fig. 1(b) shows a
mpment pf inertia spectrum fpr '"""Ybwhich is
an average of the three curves drawn in Fig. 1(a).
It is compared to similar average curves for
'"""Yband '"'"'Er. The behavior of ' is
essentially identical at high frequencies for

yb In eo' Er jt rj ses more
slowly and only above =0.6 MeV. '"Er and

M, which have the same number pf neutrons,
behave very differently, whereas the two Yb sys-
tems, which differ by 4 neutrons, are similar at
high frequencies. This suggests that the protons
are playing the more important role, probably

populating aligned i»» and h», orbitals which are
coming down to the Fermi level at these frequen-
cies, as calculated by several groups. " The
thin dashed line shows the collective contribution
& b, „d'" in '"""Ybdeduced from the known dis-
crete lines up to + = 0.3 MeV and from the meas-
ured correlation spectra at higher frequencies. '
The latter & b, „d'" values above 0.5 MeV are
somewhat tentative due to the weak valley-ridge
structure, but seem to drop at the frequency
where &,ff'" becomes larger, suggesting that an
increasing proportion of the angular momentum
is generated by aligning particles. The thin solid
line shows & b»d obtaineda for ' '"'Er. It has
the same tendency, though to a lesser extent.

The filling of these high-j orbitals could also
trigger an increase in deformation or a change of
shape. A larger deformation might be expectedto
favor collective rotation over alignment, whereas
the reverse would generally be true for a shift to-
ward triaxial shapes. Thus, the increased align-
ment discussed above and the lack of strong rota-
tional features (valley and ridges) in the correla-
tion spectra at these frequencies may suggest tri-
axial shapes. The filling of the &»» and h», pro-
ton particle states (in contrast to the previously
filled i»„quasineutron and hery» quasiprotron
orbitals which are mixed particle-hole states)
would tend to drive the system triazial.

From the &,ff " values, , ff
' can be calcu-

lated:

This, however, involves estimating the transi-
tions lost below &u =0.15 MeV (the spectrum cut-
off), and some contribution from the statistical
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y rays, and is therefore much less certain in the
low-frequency region. These spectra are shown
in Fig. 2 for the different systems considered,
together with values deduced using the centroid
method. Much of the detailed structure of the

f f
' spectrum is lost in the &,f f

" spectrum.
The increase at low frequencies is due both to the
Coriolis antipairing and to the first backbend.
The values deduced from the centroid method
are systematically higher by 5 to 10lo. Part of
this can be accounted for by systematic effects
in this method due to the narrowing of the differ-
ence spectra with increasing spin. It might also
be partly associated with temperature effects,
since the centroid method always involves the
very first transitions emitted, and therefore
states at higher temperatures.

The determination of dynamic effective mo-
ments of inertia to much higher frequencies pro-
vides some new insights into nuclear behavior at
very high spins. The observed values at high
spins are very large, approaching twice the rigid-
sphere value. The evidence suggests that these
are due largely to alignment of proton orbitals,
probably i»» and h„,. The observed features
would be consistent with increasing triaxiality at
these spins (50@-55II)although other possibilities
certainly exist.
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The absolute total cross section for the reaction 'Be(p, p) B has been measured for
E~ ~ =117—1230 keV by detecting the delayed o,' particles following the B P decay.
Two independent methods have been used to determine the areal density of the 'Be tar-
get. The inferred zero-energy S factor from the present experiment is &f7(0) =0.0216
+ 0.0025 keV b. This value reduces the predicted ~~C1 solar-neutrino capture rate by
-25~o

PA CS numbers: 25.40.Lw, 2 7.20.+n

In the sol.ar interior 'B is thought to be pro-
duced via, the reaction 'Be(p, y)'B. The subse-
quent P decay of this 'B gives a spectrum of neu-
trinos with E, = 0-14 MeV. These neutrinos are
expected to provide -75% of the events in the

Brookhaven National Laboratory "Cl solar-neu-
trino experiment. ' The discrepancy between the
cal.culation of the solar-neutrino flux" and the
experiment persists (the so-called solar-neutrino
problem). It has been noted recently' that a sig-
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