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A new method of analyzing E,, * E,;* E,; correlation data by rotational plane mapping is discussed and applied to high spin
triple data on '*7'%3Yb formed in “*Ca+'2*Sn reactions. Values for the rotational damping width /.= 124 =20 keV and 96+ 30
keV are found for transition energy intervals 820-980 keV and 980-1140 keV corresponding to 7~ 35% and ~ 45%, respectively.

The quantum structure and rotational motion of
deformed nuclei is well known from the study of dis-
crete rotational bands. For the best studied nuclei,
typically 5-15 levels for each spin are known, extend-
ing from the yrast line a few hundred keV up in exci-
tation energy.

The y-decay cascades from high spin states formed
in compound reactions mainly flow through the warm
region of very high level density ~3-5 MeV above
yrast. However, very little specific information has
been obtained about the rotational motion in warm
nuclei.

It was found a few years ago by the study of E,, = E,;
correlations [1,2] that the large collective quadru-
pole transition strength at higher excitation energies
may be distributed over all final states of a given par-
ity within an interval defined as the rotational damp-
ing width I, [3]. Values for the damping width were
extracted indirectly for '7'%Yb from a comparison
of spectrum shapes of the E,, +E,, data with similar
spectra from simulation calculations [1].

The present letter describes a triple £, #E,+E,;
correlation measurement on '¢7'%Yb, and a new
method in which analytic approximations are used to

more directly extract the damping width in '¢7163YD,
The measured values are compared to a microscopic
calculation performed for '**Yb [4].

We shall begin by illustrating how E,, +E., energy
correlations can give insight into the rotational de-
cay. Fig. 1 displays in a schematic way how un-
damped and damped rotational decay generates the
ridges and the central valley in E,, = E,, spectra.

For undamped transitions, along a discrete rota-
tional band, the difference in transitional energy be-
tween two consecutive y-ray energies is given by the
inverse second band moment of inertia

ﬁ =4 %? S (RS P B (ISHT=)) |

as defined in ref. [5]. Combining all transition ener-
gies for the decay along a perfect rotational band, a
grid pattern is generated in the E,, *E,; spectrum, as
illustrated by the grid of large dots in fig. 1b corre-
sponding to the yrast cascade in fig. 1a. In this grid
pattern, the points along the diagonal £, =F,, are
missing, since each band transition cannot be in co-
incidence with itself. For many decays along several
of such bands with slightly different .# {2), grid pat-
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Fig. 1. The schematic figure shows the expected patterns for £, *E,, spectra in (b) and (e) when the decay paths are regular rotational
cascades (a) or when the pathways goes through a region where rotational damping is dominating (d). The spectra (¢) and (f) corre-
spond to diagonal cuts for constant £, + E.; at (b) and (e) respectively.

terns corresponding to an ensemble of transition
energies are superimposed, forming ridges in the
E, = E,; energy correlation plot (fig. 1b). The width
of the ridges is determined by the dispersion in the
band moment of inertia, as is best seen from the one-
dimensional perpendicular cut in the two-dimen-
sional spectrum with constant £, + E,,, as shown in
fig. 1c. The width of the ridges increases for larger
energy differences £, —E,,. Thus, the distance be-
tween the ridges is determined by the average second
band moment of inertia, and the width of the ridges
is determined by dispersion in that moment of inertia.

For damped transitions, the y transitions from each
state branch out to many states according to a distri-

bution of B(E2) values (see fig. 1d). The mean en-
ergy of the distribution is twice the average rotational
frequency, and the width is the rotational damping
width I In an E,, » E,; energy correlation plot, the
average decay energies at angular momenta (/+4),
(I+2), 1, etc. form a grid of the type discussed above
for the discrete bands, but now with the distance be-
tween grid points determined by the effective second
moment of inertia [6]. The independent selection of
damped transition energies at (/+2)—7 and at
I— (I-=2), for example, causes the spike at the grid
point to be smeared into a round hill having a width
I'.,, in both directions. Still, there are no spikes along
the diagonal to be smeared out. From making one-
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dimensional cuts along lines of constant E, +E,, one
sees (fig. 1) that the main feature is the central val-
leyat E, =E,,. When I',,,>4/.5®, the smeared hills
merge. and only the valley remains, the width of it
being equal to the rotational damping width I, (fig.
If).

Sampling many decay cascades. a certain fraction
of the decay at a given angular momentum will be
undamped, and the rest is damped. Fig. 1c shows that
the undamped transitions also give rise to a valley,
with more steep sides than the damped valley. It is
then important to be able to distinguish the damped
valley from the ridge structure. This distinction will
be more pronounced in three-dimensional E, +E,
*Ly3 energy correlations, as will be shown below.

To obtain a more quantitative treatment of the
damped situation, we shall apply the same simplifi-
cations underlying the discussion in connecting to fig.
1. First, the rotational damping width and the effec-
tive second moment of inertia are taken to be con-
stant. Secondly, the intensity passing each angular
momentum is assumed to be constant, that is. the ef-
fect of diffuse feeding into the highest angular mo-
menta by the reaction is ignored. For the case B
4/ the spectrum depicted in fig. If, arising from
smearing the spikes with a gaussian smearing in both
directions, can be very accurately represented by a
constant spectrum minus a gaussian valley. This val-
ley is caused by the missing spikes at the diagonal;

F N2
»9’?(2)(E|,Ez)=(£4—)

R A ex( (‘.—E:)J) (1)
V2 4 ooy \T T 4a, )

where Gy =1, /./81n2. Choosing E, —FE,, as the
coordinate perpendicular to the valley, the FWHM
of the valley is

FWHM=4/log2 g,,=/2 T, . (2)

In the three-dimensional spectrum, the average
transition energies will form grids also. now with the
missing points along the diagonals in the three planes
obeying the equations £, =E,, E,=E,; and
E,»=E,;. The three planes intersect at the “‘great val-
ley” [7,8] at £, =E,,=E,;. Smearing these three-di-
mensional grid points out, the missing points at the
three planes each give rise to a valley:
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(3)

where E,,={(E, + E,+E,). The last term of (3) cor-
rects for a surplus removal of grid points at the great
valley, and is of higher order in 4/ .. Numeri-
cal calculations show that the analytic expression (3)
for all E,, E,, E; represents the spectrum resulting
from gaussian smoothing of grid points to better than
4% of (#® /4)3 when I, > 1.5(4/.5).

It is an advantage to investigate the three-dimen-
sional spectrum on tilted rotational planes which obey
the equation

EYI —-Eﬂ :N(ﬁ}g—Eyz) (4)

as illustrated in figs. 2e, 2f and 2g for N=1,2 and 3
planes, respectively. These planes intersect at the great
valley.

For N=1, 2, 3, different ridges corresponding to
selected sequences of Y-rays in undamped rotational
cascades (figs. 2a-2c) are enhanced as illustrated in
figs. 2e, 2f and 2g. It is seen that the ridges are mov-
ing away from the diagonal for increasing N. By com-
bining the information from the different planes, it
becomes easier to distinguish the undamped part of
the spectrum, contributing to the ridges, from the
damped part of the spectrum.

The width of the three superimposed damped val-
leys on the tilted planes can be estimated by inserting
egs. (4) into the spectrum (3). Choosing again E,
— L, as coordinate. one obtains

FWHMIZ =ﬁ rrol ’

N+1
FWHM”:\/:E—N—/:M. (5)
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Fig. 2. Spectra of diagonal cuts on rotational planes N=1, 2, 3 divided by the plane of total projection for (E,, +E,;)/2=820-980 keV
are shown in sections (i), (j), and (k) with the corresponding planes shown schematically in (e), (f), and (g) as they would appear for
the selected transitions indicated by filled circles in sections (a), (b) and (c), respectively. The (1) inset shows the result after the data
from N=1, 2, 3, 4 rotational planes have been combined as described in the text. The data points taken to be ridge structures in the
analysis are indicated by open circles. The curve shown to guide the eye is obtained by a higher order polynomial fit.
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FWHM,; =/2(N+ 1) T, - (5 cont’d)

It is an advantage to divide the data in the tilted
planes with the projected plane of the cube, mostly
because many unwanted effects from discrete lines,
feeding and impurities become significantly reduced.
Denoting by V), the gaussian function of £, —FE,,
which generate the 2D valley, and the others accord-
ingly, the division of the three-dimensional spectrum
&3 by the two-dimensional one leads to the result

$  g@ 1
W & T(I_VIZ_V13”V23+V123) =

FO
4

& (1=Vis—=V2),

where the last approximation is good, provided
I'oy>2(4/.9). Thus, the division essentially leaves a
spectrum with a superposition of two valleys of widths
FWHM,; and FWHM,,. One of these widths in-
creases, as function of the tilting number N, and the
other decreases, leaving the divided triple/double
spectrum fairly independent of V.

The method was applied to a triple coincidence ex-
periment made at the Daresbury tandem accelerator
with 208 MeV **Ca ions on a stacked thin target of
1248n forming evaporation residues of '°7'%8Yh. More
than 130 10° triple coincidence events were col-
lected with the so-called ESSA30 array consisting of
30 Compton-suppressed Ge detectors packed around
the target. Details of the experiment and the analysis
methods are given in refs. [7,9-11]. The triple data
were sorted into a three-dimensional cube with
4x4x4(keV/ch)? and unfolded for Compton events
using measured response functions of the detector
system. Rotational planes with N=1-4 and a ““thick-
ness’ of 20 keV were created from the unfolded cube
according to eq. (4). Fig. 3 illustrate the procedure
of division. One sees that the valley and ridge struc-
tures in the 3D rotational-plane-spectrum is signifi-
cantly stronger than in the 2D projected spectrum.
Thus the method of rotational plane mapping of the
three-photon correlations seems more sensitive to the
rotational correlations, than observed earlier [12],
where correlation features in 3D and 2D spectra were
found to be very small. Diagonal cuts on the N=1, 2
and 3 planes for an energy interval of
1 (E, +E,»)=820-980 keV are shown in figs. 2i, 2j,
and 2k, respectively. It is clearly seen how the ridge
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Fig. 3. Spectra from diagonal cuts at 840 keV on the rotational
plane (N=1), on the projected 2D and on the ratio 3D /2D planes
are shown.

structures (open circles) are changing from plane to
plane as shown schematically in figs. 2e, 2f and 2g.
Finally the ridges (indicated by open circles in the
figure) are carefully stripped off by hand, keeping the
expected pattern for the cold region in mind. The re-
maining intensity in the diagonal cuts corresponding
to the N=1, 2, 3, and 4 tilted planes are displayed
together in fig. 21,

The N=1, 2, 3, and 4 tilted plane spectra are seen
to combine in a consistent way, completing a com-
mon valley in the places where the ridges were re-
moved from the individual spectra. The full drawn
curves in figs. 2i-21 are obtained by first fitting a sec-
ond-order polynominal to the spectrum on the wings,
leaving out the valley region. Secondly the valley re-
gion is fitted by multiplying this polynominal func-
tion by a spectrum containing the two valleys of width
FWHM,; and FWHM,,, fitting independently [,
and the depth D of the combined valley.

A value for the damping width, I, =124+ 20 keV,
and a depth of the valley D =35%, are found in aver-
age for the interval 800-960 keV shown in fig. 2 by
the general least square fits to the N=1-4 spectra. The
depth of the valley is inversely proportional to both
I and .#2), If only correlated E2 transitions were
present, a valley depth of 54% in the divided spectra
is expected, assuming .# ® =75 MeV ! taken from
ref. [13]. However, the value of the depth is diluted
by the background of statistical transitions which
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comprise a fraction f;~20% of the single spectrum
for the present energy interval. Taking this into ac-
count the wvalley depth 1is expected to be
54(1—£;)?>=35%, which is in fortuitous agreement
with the measured value.

The statistics of the present data requires an aver-
aging over rather large energy intervals. Therefore
only one other set of values for I, =96 £ 30 keV and
D=15%, using .# ~85 MeV ~!, was extracted from
the data in the high transition energy region of 980-
1160 keV. In this case, the depth of the valley is found
to be significantly smaller than the expected depth
D=60% for the measured narrow valley. This indi-
cates that 50% of the intensity in the valley originates
from other components, out of which only 20% can
be ascribed to statistical transitions.

The two regions in transition energy around 880
and 1060 keV correspond to spin regions around
I=35# and I=45# respectively. Simulation calcula-
tions predict average excitation energies above yrast
for the decay flow of U=2.2 MeV at [=35% and
U=2.8 MeV at I=45%. The cranking model calcula-
tions of ref. [4] for these two sets of values of [, U
yield I, (cranking)=175 keV and I, (cranking)
=200 keV, respectively. These values are consider-
ably larger than the experimentally determined val-
ues of I',,,. However, the distribution of values of U
is rather wide, implying that the decay actually sam-
ples a distribution of I, values. The stronger slope
of the spectra for the smaller I, tends to emphasize
these smaller values, leading to an underestimate of
I, relative to the true average of the distribution.
We do not known yet how strongly the method causes
such a bias towards lower I, but the calculated
cranking model values of I',,, for the range of U are
all larger than the values determined here, except for
the predicted abrupt onset of damping around
U=T700 keV. For E, around 880 keV, we may tenta-
tively point to either the region of onset of damping,
at low U, or to a much stronger motional narrowing
at moderate to high U, as causing the discrepancy.
For E, around 1060 keV, the significant component
of the spectrum, which is not accounted for, makes it
difficult to make any specific interpretation, on the
basis of the present analysis.

In conclusion, values for the damping width have
been extracted for the continuum in '¢7'%¢ Yb by ro-
tational plane mapping of three-dimensional y-ray
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energy correlation data. The deduced values are 1.4-
2 times lower than inferred from the prediction by a
cranking calculation on one of the same nuclei '**Yb,
but significantly higher than given by earlier indirect
measurements [1]. The analytical method for de-
ducing the damping width is expressed in general
terms and promises good perspectives for the analy-
sis of higher fold coincidence data which can be ob-
tained for small transition energy intervals and dif-
ferent entry conditions in the near future, by the next
generation of Ge arrays like EUROGAM, GASP and
GAMMASPHERE.
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