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Line-shape analysis of high spin states: Collectivity in '66Yb
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The Doppler-shift attenuation method was used to measure lifetimes of yrast states in ' Yb.
Three different stopping materials were used and consistent results were obtained over a large
range of spins. Values of v range from 1.20(10) ps at 18+ to 0.05(1) ps at 34+. The B(E2)
values steadily decrease from 200 to 120 single particle units as the spin increases above 246.
This loss of collectivity is likely to reflect a change toward triaxial shapes. The side-feeding times
to these states are longer than the inband feeding times.

Nuclear structure at high spins has acquired a large
body of data by means of gamma-ray spectroscopy' due
primarily to the steady increase in experimental groups
having at their disposal large arrays of high resolution Ge
gamma-ray detectors. Such studies have initially concen-
trated on transition energies and spins. More recently, in-
terest has focused on other quantities which can give us
further insight into the nuclear structure. For example,
the collectivity of nuclei at high spins, studied through the
lifetime of the states, has been investigated by the Doppler
shift attenuation method (DSAM) centroid, line-shape,
and recoil distance method (RDM) techniques.

The DSAM techniques allow very fast transitions to be
measured, —1 to —0.01 ps, whereas RDM can span the
region from —1 ns up to a few tenths of a picosecond.
There are difficulties in using DSAM methods, since in ro-
tational bands fast transitions are associated with relative-
ly high spins and therefore involve discrete line intensities
which are typically less than 10% of a reaction channel.
Large Doppler broadening and shifts create further
difficulties in the analyses of these complex spectra, since
not only do the peak to background ratios decrease, but
also the broadened lines may overlap each other. In order
to obtain clean enough spectra to measure the centroid or
fit the line shape of such weakly populated transitions, one
has to use coincidence techniques, for which the require-
ment of high statistics is imperative. This paper reports on
the DSAM analyses of states in the yrast sequence of
'66Yb. Three different backings (stopping materials) were
used, and therefore lifetime measurements on the same
transitions were performed in well separated and different
regions of the slowing-down process. The measurements
span a large range of spins and almost overlap the RDM
measurements previously performed in this nucleus.

The reaction used was 180 MeV ~Ar+ '3oTe. The oAr

beam was provided by the Lawrence Berkeley Laboratory
88-inch cyclotron and four experiments were performed.
For one experiment two thin Te targets (360 and 200
pg/cm2) were stacked together and 90 million triple or
higher gamma coincidence events were recorded on tape.
In the other three experiments a 1 mg/cm2 Te target on a
—13 mg/cm2 Au foil, Pb foil, and Mg foil were used, and
210, 150, and 11 million triple- or higher-fold-coincidence
events were recorded, respectively. From the unbacked
data the yrast sequence was extended from the previously

published' data (24+) up to the 38+ level. " The 21
detectors of HERA subtended eight different angles to the
beam direction ranging from 0' to 154 . ' With the thin
targets, the '66Yb nuclei emitted gamma rays at the full
recoil velocity, producing a peak at a different energy for
each gamma ray at each detector angle. For the gamma
rays that are emitted during the slowing-down process in
the thick gold, lead or magnesium backings, deviations
from the unbacked spectra were easily observed as
Doppler broadened and shifted peaks.

To study in detail the lifetimes involved in the transi-
tions observed, a Doppler-shift attenuation program was
developed. ' The production of ' 6Yb nuclei was con-
sidered to be uniform throughout the target, with the ini-
tial recoiling velocity depending on the production position
in the target. In the slowing-down process both electronic
and nuclear stopping were considered. For the electronic
stopping power, the tabulated values of Ref. 14 were used,
corrected for the atomic shell structure of the stopping ma-
terial. ' For the nuclear stopping power, a multiple
Coulomb scattering formalism was used, ' with the mag-
nitude and direction of the velocity for the recoiling ions in
the target and backing materials calculated in a Monte
Carlo fashion. The cross section for the nuclear Coulomb
scattering increases as the velocity of the recoiling ions de-
creases; therefore this process is mostly important at low
recoil velocities. Also at these lower velocities large-angle
scattering occurs more and more frequently, imparting
both large directional changes and large energy changes.
This part of the slowing down process cannot easily be
measured experimentally. Although the energy loss is ob-
tainable, it is difficult to determine experimentally (model
independently) the distance traveled in this regime. In our
program, histories of velocities and directions versus time
were stored, and profiles at each time step were averaged
over typically 10000 histories for each of the stopping ma-
terials considered. The model used for the gamma-ray
cascade decay has a rotational band with the known yrast
discrete-line energies and a set of six rotational transitions
with the same moment of inertia preceding the highest
known transition. Lifetimes above spin 36 were chosen to
give the best fit to the line shape of this transition
(36+~ 34+) observed in the Au-backed data. The sub-
sequent decay was then allowed to proceed with individual
lifetimes as free parameters. The side-feeding intensities
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to these states (obtained experimentally from the un-
backed data) were considered to come from rotational
bands with the same transition energies as the yrast se-
quence. These bands were controlled by a single Qo mo-
ment which was a parameter in the fit, and for each state a
new sideband with its own Qo was allowed. In this way the
yrast-band lifetimes and the sideband feeding times were
fitted at each spin. The data were then fitted for the for-
ward, backward, and near 90' detector groups in the ex-
perimental setup. These three groups involved fourteen in-
dependent angles. The data were fitted for the three
different backings. Since the target thicknesses were ap-
proximately the same with all three backings, the produc-
tion of each yrast spin state was the same in each experi-
ment, with the same feeding times. Therefore, as ex-

]400—

plained above, a certain transition gamma ray will occur at
different stages of the slowing-down process for the
different stopping materials, giving totally different
line shapes (see Fig. 1). The 738.5-keV (24+ 22+)
transition is emitted with a depopulation time profile
which, while slowing down in Mg, senses a much faster
recoiling velocity than in either of the other two stopping
materials. This implies that in Mg, the line shape for this
state (and all other states above it) is mainly sensitive to
electronic stopping, whereas in Pb the line shape of the
same state starts to be influenced by nuclear stopping, and
in gold the line shape is caused mainly by the latter. Con-
versely, similar line shapes were obtained for different
transition gamma rays (see Fig. 2) in different backings.
With the Au backing, the 738.5-keV transition depopulat-
ing the 24+ state has approximately the same line shape as
the 580-keV transition depopulating the 20+ state with
the Pb-backed target, and as the 508-keV line depopulat-
ing the 18+ state with the Mg-backed target. This means
that a similar recoil velocity profile was obtained in Au at

3000- 200-

600-

20o

I

JJ V"IJ IJ

150.

100

N

0

500—

„j

I

I

'

t

I

300-It
[q )~ !

JJI -'u

50-J

0=
500

2000;

505
j ~ Q i

510 515

100—

60

40-
:1

20+
'il!,

)

0-
710

I

I

l

jl j!j

Ll

I i

720 7y0

f

jJ

I!

1

740 750

1000-

1400-

1000-

600-

580 585 590 595

Energy (keV)

FIG. 1. Fits (thick line) to the 738.5-keV, 24+ ~ 22+ transi-
tion line shape, as observed by backward angle detectors (polar
angle —150' to the beam direction); Au backing (top), Pb
backing (middle), and Mg backing (bottom). The left and right
dashed vertical lines show the position of the fully shifted and
stopped peaks, respectively. These spectra are gated by yrast
transitions from 10+ through 16+, background subtracted. The
sharp peak at 722. 1 keV is the 14+ 12+ cross-band transition
and it shows poorly in the Mg-backed data due to statistics.
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FIG. 2. Fits (thick line) to peaks observed at backward an-

gles; 738.5-keV line (24+ 22+ transition) in Au-backed data
(bottom), 588.5-keV line (20+ 18+ transition) in Pb-backed
data (middle), and 508.2-keV line (18+ 16+ transition) in

Mg-backed data (top). (See also caption of Fig. 1.)
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TABLE I. Lifetimes in ' Yb.

18
20
22
24
26
28
30
32
34

Int. '
48.0
31.0
22.0
16.2
12.0
7.8
6.4
3.7
2.9

E„
(keV)

508. 1

588.0
666.2
738.9
806.0
870.2
935.0

1000.5
1060.0

z(ps)
Au

0.16(2)
o.io(1)
o. io(i)
0.08 (1)
0.06(1)
o.os(i)

z(ps)
Pb

0.57(6)
0.26(3)
o. is(2)
0.12(1)
o. io(i)
o.os(i)
o.o6(i)

z(ps)
Mg

1.18(15)
0.59(5)
o.3o(3)
0.18(2)
0.12(1)

z(ps)

1.18(15)
0.59(5)
O.29(3)
0.18(2)
0.12(I )
o. io(i)
0.08 (1)
o.o6(i)
o.o5(i)

8.(E2)'
Single particle

units

208(30)
208(18)
218(22)
212(22)
204(20)
166(18)
144(is)
i3S(22)
123(25)

'Intensities of the transitions in percent relative to the 4+ decay.
These lifetimes are average lifetimes weighted toward the slowest material (75% weight factor).

'8„(E2) '
—,
' (I~~II)2zE~5; E„(MeV), z(ps), and the Clebsch-Gordon coefficient (I; IIf) —0.36 for

this region of spin. The lifetimes used are from column 7.

the time of emission of the 24+ 22+ transition as in the
later emission time of the 20+~ 18+ transition in Pb
backing, and even later for the 18+ 16+ transition in
Mg. The fits obtained at backward angles for some transi-
tions are given in Figs. 1 and 2. Table I contains a sum-
mary of the results. The relative errors in the lifetime and
feeding times obtained in such fits are small since the num-
ber of data points exceeds the number of free parameters,
particularly since three different detector groups are fitted
simultaneously. Therefore, we believe that the largest
source of uncertainty (not reflected in the error bars of
Fig. 3 and Table I) comes from systematic errors in the
treatment of the slowing-down process. However, the life-
times of the fastest transitions in the Pb backing are con-
sistent with the same transitions in the Au backing. The
only time that the feeding time to a state was "mocked up"
by unobserved preceding transitions was for the 36+ state
in Au. The same feeding time and subsequent lifetimes
determined with the Au backing were then used and gave
a good fit for the 32+~ 30+ transition in the Pb backing,
which was the highest transition fitted in that backing.
These observations indicate that the electronic slowing
down is well treated in the analyses for these two, quite
different materials. Also for the gamma ray depopulating
the 26+ state (the highest fitted with the Mg-backed tar-
get), the same feeding time and lifetime were obtained for
Mg as for Pb backings. On the other hand, the lower tran-
sitions in Au, 26+ 24+ and 24+ 22+, show faster
lifetimes than the results for Pb backing (see Table I).
The same effect is noted for the lowest transition measured
with the Pb-backed target as compared to the Mg-backed
one. This might be evidence that both in Au and Pb the
effects of nuclear stopping were overestimated. Neverthe-
less, none of the lifetimes measured with the different
backings differ more than 20%, with a surprisingly good
agreement for the fastest transitions; the only systematic
discrepancies occurred near the stopped line shapes. These
results also agree with the highest measured lifetimes from
the RDM technique.

Both lifetimes and derived 8(E2) values are given in

Table I. As described in the previous work6 containing
only Au-backed data, there is a loss of collectivity toward
higher spins but, even at 34+ the nucleus remains very col-
lective [123 single particle units (spu)l. The decrease in
8(E2) values can result from a decreasing quadrupole de-
formation or an increasing triaxiality (y&0), as can be
seen from the relation' 8(E2) = p cos (30+ y). Limits
can be obtained with this simple formula for the shape
changes associated with the drop in 8(E2) to 123 spu. If
it is only an elongation change (y=0), then p drops to
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FIG. 3. Variations of 8(E2)/B(E2)„t„and the kinetic mo-
ment of inertia (J) vs spin, are shown for '66Yb yrast states. The
low spin ( ( 18+) 8(E2) data are from Ref. 17. The moment of
inertia is taken from measured transition energies, Ref. 11. The
8(E2)/B(E2)~t„values are normalized to 1.0 for the 2+~ 0+
transition.
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0.24, instead of the ground state value of 0.3. However,
for a well deformed nucleus like 's Yb, the potential is cal-
culated's to be rather stiff for changes on p. If the change
is solely in y (for P 0.3), it is then consistent with y in-
creasing from 0 to —15'. These variations are only lim-
its for the shape parameters, since a combination of
changes in the quadrupole deformation and y is possible.
It should be mentioned that the sidebands which feed the
yrast states have longer feeding times, showing either less
collectivity [8(E2) values -60 spu], or larger moments of
inertia (-25% larger).

Angular momentum alignments, i.e., occupation or
depopulation of specific particle orbitals, can induce shape
changes of the equilibrium deformation of the mean
field. However, a second alignment in ' Yb is not ap-
parent in the gamma-ray energies in the spin region where
the 8(E2) values decrease. If present it should cause an
increase in the moment of inertia J, whereas J is rather
constant in Fig. 3. It may also be noted that in the region
of constant B(E2)'s (spin 0-10h and 18-24h, ), J
changes. But J is sensitive to a number of properties, e.g. ,
alignments, the nuclear shape, and the pairing correla-
tions, whereas the 8(E2) values are sensitive essentially
only to the shape. The increase in J in the lower spin re-
gions is reAecting the gain in alignment and loss of pairing
associated with breaking the first paired neutron state
(ii3i2 orbital). The large and constant B(E2) values mea-
sured above this alignment (spins 18-24k ) reflect the rigi-
dity of the potential to shape changes. This is in contrast

with the softer nuclei at the beginning of the ii3I2 shell
N-90, where the first alignment produces a drastic drop
in the B(E2) values. 7 9 For the highest spin region (above
spin 246), if the shape is changing, as indicated by the loss
of collectivity, an equivalent drop in the moment of inertia
would be expected. But the alignment of the particles in-
ducing such shape changes and the consequent drop in the
pairing energy both would tend to increase the moment of
inertia, essentially canceling the effect of the shape
change. While it would not be surprising to find align-
ments, shape changes, and pairing changes systematically
interrelated in this region, still the nearly constant values
of J in so many cases suggest that a more general ex-
planation may be involved.

In summary, line shape analyses of transitions in coin-
cidence with high-spin discrete-line gates were used to ex-
tract lifetimes of high-spin states in the yrast sequence of
'ssYb. By using three different stopping materials we
determined the lifetimes from levels 18+ through 34+.
The three different materials gave results that were con-
sistent to 20%. We find that the yrast states in ' Yb start
losing collectivity only above spin 26h. This may be inter-
preted as a movement toward triaxial deformation of the
equilibrium nuclear shape at these spins, whereas the
shape of this nucleus appears quite stable at lower spins, in
contrast to the lighter Yb isotopes.
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