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Abstract

The study of damping of rotational motion applying the rotational plane mapping (RPM)
method is presented and discussed. The aim of this technique is to extract the distribution of
the rotational transition strength from an analysis of the shape of the “central valley” of two-
and three-dimensional y-ray spectra. The method is applied to a triple y-coincidence data set of
162163 nuclei formed in ¥ Cl+'*Te reactions. The rotational transition strength is obtained as
a function of rotational frequency for selected regions of entry states, and the width is found to
be rather constant and approximately equal to 80 keV. This value is significantly smaller than
the value predicted theoretically for the rotational damping width I'r. Also the ratio between the
observed depth and width of both the 2D and 3D valleys does not agree with the simple model
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adopted in the RPM method. These discrepancies point to the presence of both a wide and a
narrow component in the distribution of rotational strength as extracted by the RPM method. The
analysis of simulated spectra obtained on the basis of realistic band-mixing calculations, including
residual interactions, confirms this behaviour.

Keywords: NUCLEAR REACTIONS 3Te(¥Cl,5n),(*7Cl4n, E = 166 MeV, measured yyy-coin,
y-multiplicity. '°163 Tm deduced rotational transition strength.

1. Introduction

The experimental trademark of rapid rotational motion of deformed nuclei is the
cascading by emission of stretched electric quadrupole transitions. While the rotational
transitions at low excitation energy above the yrast line connect states along well-defined
rotational bands, the rotational strength at higher excitation is spread over many states, as
schematically shown in Fig. 1. This was indicated in the first experimental investigations
of double y-ray coincidence spectra [ 1], and discussed in an early theoretical study [2].
Later, more sensitive experiments were carried out [3,4], aimed at determining the
spread in rotational frequency within states of the warm nucleus, named the rotational
damping width 'ty [5]. The theoretical study of rotational damping [5,6] was only
concerned with one step of a cascade. Yet, the double coincidence spectrum probes two
steps, and to deal with this situation, it was assumed that the rotational energy in each
step of a cascade may select its energy from the full strength distribution of width 'y,
independently of the preceding transitions.

In the present paper we shall present circumstantial evidence which indicates that
this picture is too simple, and that the strength function associated with the decay of
two consecutive quadrupole rotational transitions, and so far only related to ', may
display a narrow and a wide component. The narrow component gives a fingerprint of
the y-coincidences among successive transitions with similar alignments and/or moment
of inertia.

Porter-Thomas
Fluctuations

Fig. 1. Schematic illustration of the rotational decay of warm nuclei at high excitation energy. In the region
where the rotational bands strongly interact with each other the B(E2) strength function is distributed over
many final states (damping of the rotational motion), and the fluctuations in the transition strength are
expected to follow a Porter-Thomas distribution.
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This conjecture opens new possibilities in the study of the hierarchy of couplings
responsible for the dephasing of the rotational motion (doorway coupling) and the
possible distribution of the associated energy and angular momentum over the whole
nucleus to form a compound nucleus state. To which extent this phenomenon is related
to GOE behaviour and to Porter-Thomas strength fluctuations [7] is an open question
(see Fig. 1).

To study experimentally the complex mechanisms of the damping of the rotational
motion and the interplay between compound nucleus damping and rotational damping,
the most powerful technique presently is to extend the double coincidence method to
triple and higher-fold y-ray coincidence spectra. Because coincidence spectra contain
information from both the region of regular rotational bands and the region of damped
motion [8,9], it is of great importance to develop methods to distinguish and possibly
isolate the two different contributions.

One such method for the analysis of double and triple coincidence spectra, the ro-
tational plane mapping (RPM), was recently formulated and used in the analysis of
167.168yh [10-12]. It aims at separating the contributions from damped and undamped
transitions and at a direct extraction of the damping width I, from the study of the
shape of the spectra. In what follows we shall apply the RPM method to the analysis of
a triple coincidence data set of '92!93Tm nuclei.

The simplest assumption one can make about the damped rotational motion is that
the <y-transitions of the damped rotational cascades are uncorrelated, which means in-
dependently chosen by the nucleus at each spin from the B(E2) distribution. This
would lead to 2D coincidence spectra characterized by a valley along the E,, = E,,
diagonal, its width and depth being related to the rotational damping width. This is
illustrated by the simple simulation calculations of the decay cascade in the damping
region shown in Fig. 1, where different constant values for the damping width 7', and
constant second moment of inertia 7> = 70 MeV ™!, corresponding to the typical spac-
ing AE, = 4/Z® = 60 keV between rotational transitions of rare-earth nuclei, are used.
The 2D coincidence spectra obtained with a damping width 7o, = 0, 30 and 60 keV are
shown in Figs. 1a, b and c, respectively.

In the case of damped rotational motion (I, # 0), the y-transitions from each
state branches out into many states according to a given distribution of B(E2) values:
the mean energy of the distribution is twice the average rotational frequency, and the
width is corresponding to the damping width I'yy. In accordance with the assumption
of independent selection of transition energies from the B(E2) distribution, the average
decay energies will form a grid of hills with a distance between grid points determined
by the effective second moment of inertia [13]. Each hill will have a full width at half
maximum equal to [’ in all directions. No hills are expected along the main diagonal,
since in a regular rotational cascade no y-ray transitions with the same energy can be
present. This is shown in Figs. 1b and e, where a damping width smaller than 4/Z(?
is used (1ot = 30 keV). For values of I'y, comparable to or larger than 4/I(2), the
hills merge together in the 2D spectrum, as shown in Figs. 1c and £, and only a central
valley, now partially filled, can still be recognized. It is then clear that the shape of
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the B(E2) strength function will also determine the shape of the central valley, with a
width directly related to the rotational damping width I,

In this paper we present the latest developments towards determining the rotational
damping width Iy In particular we focus on the line shape of the distribution of two
consecutive rotational transitions from the analysis of the valley shapes of 2D and 3D
coincidence spectra for the nuclei '9%193Tm,

From an earlier analysis of a triple data set on '®Yb [10] a rotational damping
width ot =~ 100 keV at I =~ 40k was determined. On the other hand, it was also
found that the ratio between the observed width and depth of the valley is not in
agreement with the simple assumption adopted by the RPM method. This has motivated a
further investigation of the mechanism of the damping of the rotational motion, applying
the rotational plane mapping technique. In order to make a quantitative comparison
between data and theory the same analysis technique has been also applied to simulated
spectra based on realistic band-mixing calculations. On basis of this analysis we discuss
the present limitation of the RPM method together with the future perspectives for
improvements.

2. The experiment on 162:163Tm

A high-statistics data set on '91*Tm nuclei [11,14,15] has been obtained via 5n
and 4n reactions by a beam of 166 MeV *’Cl ions bombarding two stacked targets of
700 pg/cm? '¥Te evaporated on a thin Au-backing of 400 ug/cm?, facing the beam.
The purity of the enriched target was 99.29% and the maximum angular momentum
reached was calculated to be 63A in the 4n reaction. The y-rays were detected using
the NORDBALL multidetector array at the Tandem Accelerator Laboratory of the Niels
Bohr Institute. The array was equipped with 19 Compton-suppressed Ge and 1 LEP
detector, with a total photo-peak efficiency of 1.2%. The BaF, inner ball contained only
39 out of the 60 detectors necessary for a full 477 coverage. This limited the multiplicity
and sum-energy resolution to an accuracy of ~ 35%. A total of more than 2.1x10°
double coincidence events were collected, out of which 2.5x10% were triple and higher-
fold events. Energy-dependent time gates on the Ge time signal were used to enable an
efficient rejection of events due to neutrons.

In order to separate in the best possible way the 4n and 5n reaction channels the
sum-energy (Y E,) and multiplicity (M,) information given for each event by the
inner-ball filter was used. Fig. 3a shows the > E, — M, distributions for the 5n (solid
lines) and 4n (dotted lines) channels, obtained in coincidence with the clean low-lying
transitions E,(5n) = 156.8 keV and E,(4n) = 249.6, 250.4 keV, belonging to 162Tm
and '*Tm. The centroids of the two distributions have been indicated by A and B,
respectively. The line r,, perpendicular to the segment AB in the middle point, was
used to define the two regions of low- and high-fold events, mostly selecting the 5n and
4n reaction channels. Fig. 3b shows a comparison between Ge energy spectra obtained
using these two different gating conditions. As one can see, the condition on the high
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Fig. 3. The four different sum-energy and multiplicity regions selecting in the best possible way the '9>Tm and
'3Tm high and low entry population regions are shown. The points A and B correspond to the centroids of
the 5n and 4n distributions, indicated by solid and dashed contour lines, obtained by gating on clean low-lying
y-ray transitions belonging to %2Tm and '®*Tm, respectively. The selection of four different entry regions is
determined by the line r|, connecting A and B, and r, perpendicular to the AB segment in the middle point.
In (b) is shown a comparison between Ge energy spectra obtained by gating on the high- and low-fold event
distributions. As one can see, the condition on the high folds (M, > FZ(Z(E)/)), mostly selecting the 4n
reaction channel, produces a strong enhancement of the collective E2 bump.

folds produces a strong enhancement of the collective E2 bump.

The regions of low- and high-fold events shown in the figure have been further divided
into two regions corresponding to a high and a low heat energy window, as indicated
in Fig. 3a. These four different gating conditions obtained from the BaF, inner-ball
filter have been used to sort the data into four two-dimensional (2D) high-resolution
matrices of 4kx4k ch?, with 0.5 keV/ch, and into four three-dimensional (3D) low-
resolution cubes of 400x400x400 ch?, with 4 keV/ch. The 2D and 3D matrices have
been unfolded by use of the measured detector response functions to eliminate the
uncorrelated Compton background and correct for the system efficiency.

To study the rotational correlation pattern in the 3D spectra, the tilted rotational
planes, defined by the equations

E)’l_Ey_1=NX(E73_E72)i5/2 (1)
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Fig. 4. The left part of the figure shows a comparison between perpendicular cuts on the 2D and on the N = 1
rotational plane matrices, at an average transition energy E, = 900 keV for '*Tm (high heat energy gate).
A strong and similar loss of intensity is observed in both spectra for large ( Ey, — Ey,) values, related to the
diffuse side feeding into highest angular momenta states. This effect has been partially reduced in the divided
3D/2D spectrum shown in the right part of the figure.

with N =1, 2, 3 and 4, were created. Each of the planes enhances in different ways
the rotational ridge pattern [10,11]. For example, the N = 1 rotational plane contains
only rotational structures corresponding to three consecutive y-ray transitions in a regular
cascade, the N =2 plane the contributions from four consecutive transitions with the last
but one missing, and so on. All planes have been produced with a thickness 8 = 20 keV,
corresponding to the dispersion in the second moment of inertia. This assures that all
the rotational correlations satisfying Eq. (1) are included in one of the planes.

Several perpendicular cuts with a width 4E, ~ 60 keV have been produced from
both the symmetrized rotational planes (only N =1 is in fact born symmetric) and the
2D spectrum, covering the transition energy range 600-1200 keV. The left part of Fig. 4
shows an example of perpendicular cuts on both the 2D and 3D rotational plane N = 1
for the average transition energy E, = 900 keV for '*Tm. As one can see, the valley and
ridge structures in the 3D rotational plane spectrum are significantly stronger than in the
2D spectrum. In fact, the ridges are expected to be enhanced because sets of transitions
along regular rotational bands are more likely to obey the rotational plane Eqgs. (1)
than damped transitions, which spread out at each spin over a wide range of levels
(rotational damping width). A more pronounced and clean valley is also present in the
3D spectrum, due to the fact that only selected ridges are present in the tilted rotational
planes, leaving in the spectrum more open space for damped transitions. One can then
try to fit the valley shapes of the 3D tilted rotational planes and extract information
about the rotational damping width Iy, on basis of the ideas illustrated by the simple
simulation calculations shown in Fig. 1. However, for this purpose two main technical
problems have to be solved:

(i) Due to the side feeding into the highest angular momenta states by E1 transitions
from states at higher excitation energy, a similar loss of intensity is observed in
the 2D and 3D spectra for large (E,, — E,,) values, as shown in the left part of
Fig. 4. Such strong effect can be partially compensated for by dividing the 3D
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rotational planes by the 2D spectrum, after the two matrices have been normalized
in the E2 bump region (for example 600-1400 keV). A significant improvement
is clearly seen in the right part of Fig. 4 for the N = 1 rotational plane. The
division of the spectra will also reduce many “unwanted” effects from discrete
lines and impurities which are present in both the 2D and 3D matrix. Variations in
the second effective moment of inertia with angular momentum, and thereby with
average transition energy, will produce broad structures in the 2D and 3D spectra,
which may distort or obscure the valleys we are looking at. Again, the method of
division 3D/2D should be able to cancel such structures to a large extent. All this
means that better results can be obtained analyzing the valley shape of 3D/2D
spectra.

(ii) In order to be able to fit the valley shape of the 3D/2D spectra one has to identify
and disregard in the fitting procedure all contributions from the discrete ridge
structures present in the 3D/2D spectra. This can be performed by hand for each
perpendicular cut on the N =1, 2, 3 and 4 divided planes, keeping in mind the
expected rotational pattern from the cold region of regular rotational bands.

Examples of perpendicular cuts on the divided N = 1, 2, 3 and 4 tilted rotational
planes are given in Figs. 5b, ¢, d and e. The open circles indicate the ridge structures
which have been disregarded in the fitting procedure. The remaining intensities in the
N =1, 2, 3 and 4 cuts are displayed together in Fig. 5a. Since the four different planes
combine in a consistent way completing a common valley in the places where the ridges
were removed from the individual spectra, one can try to fit the valley shape of the
3D/2D combined spectra, aiming at a direct extraction of the rotational damping width
I In the following section we will present a set of analytical functions which have
been worked out in order to obtain a good description of the 2D and 3D spectra shapes,
on basis of the simple ideas shown in Fig. 1.

3. Interpretation of the data

To develop a more quantitative treatment of the damped part of the spectrum and to
be able to extract the relevant features of the 3D/2D spectra, analytical expressions have
been worked out, describing the distributions of the damped events in the 2D as well as
3D coincidence spectra, if B(E2) strength functions of either gaussian or Breit-Wigner
forms are assumed [12]. These are the two different shapes expected theoretically for
the B(E2) distribution in the limit of low and high level density [5].

3.1. The gaussian analytical spectra functions

Let us first consider the case of a decay which branches out to many states according
to a B(E2) gaussian distribution, as expected by the damping model in the region of
moderate level density:
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Fig. 5. Spectra of perpendicular cuts, 60 keV wide, on the 3D/2D rotational planes for N = 1, 2, 3 and 4 at
the average transition energies (Ey, + Ey,)/2 = 960 keV, for 1*Tm (high heat energy gate) are shown in
(b), (c), (d) and (e). The open circles correspond to the ridge structure regions disregarded in the fit of the
data (solid lines). The curves have been obtained making a least square fit by the gaussian S /S function
of the remaining intensities in the tilted rotational planes, as shown in the top part of (a). For comparison
purposes only, the same fit is also shown on the individual spectra 3D/2D, N =1, 2, 3 and 4.

1 E, — E,)?
B(E2,E,) = (m) exp (—5—7%—2"—")—) : (2)
rot ro
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The distribution is normalized to 1, and the connection between the variance o, and
the damping width is:

I'iot = FWHMp g2y = 201:V21In2 = 07V 81n 2. (3)

Using this gaussian function to smear out each individual spike in the 2D rotational
pattern (Fig. 1a) the valley arising in the 2D coincidence spectrum at the place of the
missing peaks will also assume a gaussian shape and in the limit of Iy > 4/Z®) the
2D coincidence spectrum can be very accurately represented by a constant spectrum
minus a gaussian shaped valley, which arises from the contributions of the tails of all
the ridges [12]:

IO\ 11 (E,, — E,,)?
52 V=) - == A St d Wt £ T 4
6 (B ) ( 4 > Vi 4 VErow e"p( 407, @

Choosing (E,, — E,,) as the coordinate perpendicular to the valley, the FWHMg of the
gaussian valley becomes:

FWHMg = 4VIn 200, = V2 ror. (5)

The depth of the valley can be obtained from Eq. (4) for E,, = E,,:

1 I3 1 VA
DEPTH; = ——— —— = 07— —, (6)
ST V2 4 Vanow 4 T

and it will be attenuated by a factor f2 = (fraction of rotational E2 transitions)? if a
smooth background from other kinds of transitions (for example statistical E1) is also
considered [10,11].

In the 3D coincidence spectrum the average transition energies will also form a grid
pattern, now with the missing points along the diagonals in the three planes obeying
the equations E,, = E,,, E,, = E,, and E,, = E,,. Smearing these three-dimensional
grid points out with the previous gaussian B(E2) function, the missing points in each
of the three planes give rise to a valley, which will also assume a gaussian shape. The
3D spectrum can then be represented by a constant three-dimensional surface minus the
three gaussian valleys:

S(G3) (E'}’l 3 E}’Z’ E’}/.‘ﬂ)

TN\ 1 /TON? 1
—-(4>_%<4> V 21T O ot
— 2 _ 2 _ 2
Jor (5 £ o (- B s (B ) )

2 2 2
4a-rol 40r0t 4O-rot

( 2
() ()
<

_(Eyl _E'Ym)2+(E72_E7m)2+(E‘YS—E‘/m)z (7)
zazot ,
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Fig. 6. This schematic figure shows in (a) and (b) the Sg) and Sg) gaussian analytical functions (cf. Egs. (4)

and (7)). They represent the intensity distribution of damped transitions in the 2D coincidence spectrum and

in the 3D tilted rotational plane N = 1, for the constant values I'rq = 100 keV and 47’12/1(2) =50 keV. In the

bottom part of the figure the 3D/2D tilted rotational plane N = 1 obtained by the ratio of the two previous

distributions is shown. These are the analytical functions used in the RPM data analysis. The quantities

FWHM;;, FWHM |3 and FWHM2»; correspond to the FWHM of the three superimposed damped valleys
| = Ey,, By, = Ey, and Ey, = Ey,, projected on the tiited planes.

where E, = (E, + E,, + E,,)/3 is the average transition energy. The last term of
Eq. (7) corrects for a surplus of removal of grid points at the valley along the diagonal
E, =E,, =E,,, called the great valley.

Fig. 6 shows a three-dimensional view of the analytical functions S(z) (3) (projected
on the tilted rotational plane N = 1) and Sg)/ Sg), for the values Iy = 100 keV and
4/T? =50 keV.

3.2. The Breit-Wigner analytical spectra functions

The same kind of procedure described in the previous paragraph can be carried out
assuming a Breir-Wigner B(E2) strength function, with the rotational damping width
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I'to; defined as the FWHM of the distribution

2 r2 Ja
B(E2,E,) = < ) ot . 8
Y T o (Ey_E70)2+Fgot/4 ®

Again the B(E2) decay function is normalized to 1, since it corresponds to one full
transition. This is what is expected from the damping model in the region of high level
density.

Making use of this B(E2) Breit—-Wigner function to smear out the grid points, the
following analytical expression has been found for the 2D coincidence spectrum [12]:

T\ ? T2 1 2
S(Z) E ,E B <—> - (“) ( ) N ‘ 9
sw (Eyis Eyy) 4 4 Tl ) (Ey — E72)2 + rr20[ @

Choosing as coordinates (E,, — E,,), the FWHMgw of the valley becomes

FWHMpgw = 27, (10)

which is a factor /2 wider than the corresponding valley in the gaussian case (see
Eq. (5)). On the contrary, the depth of the valley becomes smaller

123 1 AC
~0

DEPTHpw = ——— ~ 03— 11
v T 4 Iy 4 I (n
leading to the relation
DEPTHgG = 2.1 x DEPTHpy,. (12)

In the case of a 3D coincidence spectrum the following analytical function has been
found [12]:

3
Sgw (Ey Ey,  Eyy)

C(IONY TN 2
T\ 4 2\ 4 -
Iy Iy Iy

X [ + + rot :|
(E“n _E72)2+rr2m (E71 _E73)2+Fr20t (Eyz _E73)2+Fr20t

1 /T® 2\ .
(= I
+8 ( 4 ) <7rFr0t> rot

x [ (E“/i AE*/z)z"{"(ny_E73)2+(E72_E}’3)2+6Fr20t ]
[(E)'l - E)'z)2 +rr20t] [(EM - Eya)z + I?ot][(Evz - 73)2 + Frzot]
(13)

Fig. 7 shows a comparison between the gaussian and the Breit-Wigner S©) analytical
functions projected on the transverse plane, obeying the equation (Ey, + E,, + E,,) /3 =
E,,. =const. Both spectra have been calculated assuming I'y,; = 80 keV and 4/ =
50 keV. As one can see, the Breit-Wigner function has a longer tail, and therefore
produces a more shallow valley.
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Fig. 7. The $'3 analytical function projected on the transverse plane Ey, = (Ey, + Ey, + Ey;)/3 has been
calculated assuming both a gaussian (left part) and Breit-Wigner (right part) B(E2) strength distribution.
Constant values /o, = 80 keV and 4/Z¢®) = 50 keV have been used. A deeper great valley at Ey, = Ey, = Ey,
is found in the case of the B(E2) gaussian distribution.
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Fig. 8. The top part of the figure shows the experimental values obtained for the FWHM of the 3D/2D valleys
as function of the y-ray transition energy for the high (left) and low (right) heat energy gate on 63T,
In the bottom of the figure the experimental values obtained for the corresponding depths of the valleys are
shown. Both gaussian (open symbols) and Breit-Wigner (closed symbols) analytical functions were used to
analyze the data. The full drawn and dashed lines indicate the expected depth according to Eqgs. (6) and (11),
respectively.
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Fig. 9. The top part of the figure shows the experimental values obtained for the FWHM of the 3D/2D
valleys as function of the y-ray transition energy for the high (left) and low (right) heat energy gate on
162Tm. In the bottom part of the figure the experimental values obtained for the corresponding depths of the
valleys are shown. Both gaussian (open symbols) and Breit-Wigner (closed symbols) analytical functions
have been used. The full drawn and dashed lines indicate the expected depth according to Egs. (6) and (11),
respectively.

The derived analytical functions have been used to fit the 3D/2D spectra obtained
combining the N = 1, 2, 3 and 4 planes, after removal of the known ridge structures,
as shown in Fig. 5. First, a common background has been fitted on the wings with a
first- or second-order polynomial, leaving out the valley region. Then both the width
and the depth of the valley have been fitted for all four planes N =1, 2, 3 and 4
independently by the S /S function given by Egs. (4), (7), (9) and (13). The
average curve resulting from this interpolation is shown in Fig. 5. As a consequence of
these equations the combined valley has FWHM= 2 x /21"y for gaussian functions,
and FWHM=~ 2 x 27, for Breit-Wigner functions. Fig. 8 shows the fitted values
obtained for the full width at half maximum and for the depth of the valley for the high
(left) and low (right) heat energy gates on '*Tm. Both gaussian (filled symbols) and
Breit-Wigner (open symbols) analytical functions have been used. Fig. 9 shows the
corresponding results for '>Tm. While the FWHM of the valley looks rather constant
and independent of the shape of the analytical function used in the fitting procedure, the
depth of the valley decreases as function of transition energy, and still does not depend
on the shape of the analytical function. No appreciable dependence on the gating on the
heat energy can be observed.
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Fig. 10. The top part of the figure shows the experimental values obtained for the FWHM of the 2D valley
as function of the y-ray transition energy for the nucleus '3Tm, obtained gating on the high-fold events (see
Fig. 3). Both gaussian (open symbols) and Breit-Wigner (closed symbols) analytical functions have been
used. In the bottom part the experimental values obtained for the depth of the valley are given. The full drawn
and dashed lines indicate the expected depth according to Eq. (6) (gaussian) and (11) (Breit-Wigner),
respectively. A remarkable similarity of the results for the two different analysis, 3D/2D and 2D, is noticed.

In order to check the 3D/2D procedure a similar analysis was made on the 2D
high-resolution matrix containing mostly contributions from '®*Tm. The spectrum was
obtained selecting with the inner-ball filter the high-multiplicity events, as shown in
Fig. 3a. All known discrete lines in the transition energy range 600-1300 keV were
fitted one by one using a two-dimensional Gauss fitting program, named “42” [16],
and they were afterwards subtracted from the 2D matrix ! . After removal of the known
discrete bands a very clean 2D spectrum was produced, with only very weak ridge
components surviving. In this case, they have been disregarded in the fitting procedure
of the valley shape by the $(*) analytical function, in a similar way as discussed for the
3D/2D spectra. The FWHM and the depth of the valley obtained for both Breit-Wigner
and gaussian shaped function are given in Fig. 10, and are related to /' through
Egs. (5) and (10). One can notice the good agreement between the two independent
analysis 3D/2D and 2D.

Since the gaussian and Breit-Wigner analytical fitting functions give roughly the same
results for the FWHM of the valley both in the 3D/2D and 2D analysis, the I values
obtained show a systematic v/2 discrepancy, as a consequence of Eq. (5) and (10).
In addition, neither of the two analytical functions seems to be really favoured in the
fitting procedure. However, the most striking result is that for all four sum energy and
multiplicity gates the experimental values found for the FWHM of the valley are constant

! With the new software package RADWARE, recently developed by D.C. Radford (Chalk River Laboratory),
it is now possible to automate the peak stripping procedure both for 2D and 3D coincidence matrices, using
the known level scheme.
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Fig. 11. The average flow lines obtained by simulation calculations of 100000 y-ray cascade are shown for
four different entry population regions. They correspond to the different inner-ball gating conditions used in
the analysis of the 162163 Tm data, as given in the legend, with a width in angular momentum and energy of
104 and 5 MeV, respectively.

within the statistical errors and correspond to a rotational damping width 'y = 50—
80 keV. This is lower by about a factor of 2 compared to the theoretical predictions [5]
at low transition energies, and the discrepancy increases at the highest spins.

The fact that the gating on a low or high initial heat energy has little effect on the
extracted value of I'r,; can possibly be understood from calculations of the average flow
line. The decay cascades for different spin and energy distributions of the entry states are
shown in Fig. 11. Due to the cooling by E1 transitions, the initial bias on the distribution
of heat energies introduced by the gate is rapidly lost as the decay proceeds [17], and for
rotational decay energies below 1 MeV, the cascades from high and low initial gates have
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Fig. 12. The figure shows the fraction of valley intensity (missing strength) which can not be accounted for
by rotational and statistical y-ray contributions. Both 3D/2D RPM analysis on 163Tm (high heat energy and
high-fold gate) and 2D RPM analysis on '*Tm (high-fold condition only) are compared, showing the same
trend.
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converged. In fact only a small deviation between the high and low gate may be observed
in the FWHM of the valley (hence in Iy ) of the 4n channel at 1140 keV, which could
be interpreted as a motional narrowing effect [ 5,6]. It should be noted, however, that this
result has to be taken with great caution, since at these transition energies (= 900 keV),
the valley depths do not agree with the measured damping widths, namely, they do
not verify the relations given by the analytical functions (4), (7), (9) and (13). As
one can see in the bottom part of Fig. 8, 9 and 10, the valley depths extracted with
gaussian and Breit-Wigner functions agree within 10%, and show a gradual decrease
as E, increases. The depths corresponding to the Iy, values extracted from the FWHM
of the experimental valleys have also been calculated according to Egs. (4), (7), (9)
and (13), assuming a background of statistical El transitions of the order of 20%.
This means that the depth generated by pure rotational transitions is diluted by a factor
f? = (80%)? with respect to a pure damped rotational spectrum [11]} (see Eq. (6) and
text below). These calculated depths are represented in the figures by solid (gaussian
function) and dashed lines (Breit-Wigner function). As one can see, only in the case
of 13Tm the experimental widths and depths are almost consistent with the analytical
functions (4), (7), (9) and (13) up to E, < 900 keV, while at higher y-ray energies the
measured valley becomes too shallow. The discrepancy is even more evident when the
gaussian fitting function is used. In the case of '®*Tm the discrepancy is always present.
Fig. 12 shows the fraction of the valley intensities (1 — Depthg,,/Depthgpy) which
cannot be accounted for by statistical E1 or rotational E2 collective transitions for the
high gate on '%3Tm, as treated so far in the RPM method. This quantity may be referred
to as missing strength. Depthgx, corresponds to the value obtained experimentally from
the analysis of the valley shape, while Depthgpy is calculated according to the analytical
functions (4), (7), (9) and (13). The figure gives the results obtained by the 3D/2D
and 2D analysis on '%*Tm, using both gaussian and Breit-Wigner analytical functions.
From this plot one can see that already at 1050 keV transition energy, the valley only
acquires about 50% of the depth expected from the El statistical transitions and sets of
uncorrelated E2 rotational transitions. Because of this discrepancy, the experimental /g
values obtained for energies above 900 keV cannot be considered a reliable estimates
of the total rotational damping width Iy, but rather as a lower limit.

The discrepancy found in the analysis of the widths and the depths of the valleys, both
in the present paper and in previous works [9,10], indicates that we have not yet found
a satisfactory way to describe the 2D and 3D 7y-ray spectra originating from damped
rotational transitions. The same effect was previously found for '67-168Yb nuclei [10].
In the following section we will try to investigate this general problem in more detail,
making use of a set of band-mixing calculations for the nucleus '*®Yb [18,19,22].

4. Realistic band-mixing calculations

As already pointed out, the main assumption adopted in the derivation of the analytical
spectra functions $® and S (cf. Eqs. (4), (7), (9) and (13)), used to fit the valley
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Fig. 13. The 2D plot shows the distribution of coincidences resulting from folding two independent distributions
obtained from band-mixing calculations [ 18,19] of the angular momenta sequences 42 — 40 and 40 — 38 for
the group of levels 11-40 of ¥ Yb, summing up the four parity and signature configurations. The projections

on the (Ey — Ey,) and (E,, + Ey,)/2 axis do not display any particular correlation and can be well fitted
by a gaussian function.

shapes of 2D and 3D spectra and to obtain an estimate of the rotational damping
width Iy, is the independent selection of transition energies for each decay step. This
means that the transition energies of the damped rotational cascades are treated as being
uncorrelated. The uncorrelated choice of transition energies from gaussian or Breit—
Wigner B(E2) strength functions of width I'y, leads to spectra for which the main
feature is the valley, as illustrated in the previous sections and in Figs. 1, 6 and 7.

The assumptions underlying the damping model are presently being investigated by
realistic band-mixing calculations for rare-earth nuclei [12,18,19,22]. For each even
spin value between / = 30/ and 60% the first 1000 levels above yrast for the four parity
and signature configurations have been created by cranked shell-model calculations,
interacting via a residual interaction of the Surface Delta type [20]. The lowest 500
mixed bands covering the excitation energy interval up to ~ 2.2-2.5 MeV above the
yrast line, well into the damping region, are calculated independently for the four
configurations. In addition, the rotational transition strength obtained from the overlap
of the wave-function at spin / and (/ — 2) have been extracted.
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Fig. 14. The rotational correlations predicted by the band-mixing calculations [18,19] are shown in the 2D
landscape for the angular momenta sequence 42 — 40 — 38 for the group of levels 11-40 of ' Yb, summing
up the four parity and signature configurations. The projections on the (Ey, — E,) and (Ey, + Ey,) /2 axis
are also shown in logarithmic scale. As one can see, a strong correlation between the two transition energies
can be observed in the difference as a narrow component, but not in the sum.

We would like to illustrate the difference between two independent decay steps and
two decay steps which are correlated in energy. The 2D plot in Fig. 13 shows a
distribution of coincidences resulting folding two independent distributions of the angular
momentum sequences (42 — 40) and (40 — 38), restricted to the sets of level numbers
11-40 counted from yrast, summing up the four parity-signature configurations of 168y,
Since the independent distributions are rather smooth and symmetric around the average,
the diagonal (E,, + E,,)/2 and the perpendicular (E,, — E,,) projections shown in the
figure become very similar, and they are actually well fitted by gaussian functions of
very similar widths.

In contrast we show in Fig. 14 the calculated 2D plot of coincidences from two steps
decays for the same spin intervals and level numbers.The perpendicular projection on
the (E,, — E,,) axis displays clearly two components of nearly gaussian shape, whereas
the diagonal projection (E,, + E,,)/2 still can be well fitted by a single gaussian
distribution. The wide component has a FWHM=276 keV in the perpendicular projection,
which is proportional to Iy, and agrees well, within the errors, with the corresponding
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Fig. 15. The figure shows, on logarithmic scale, the full contributions to the E,, — Ey, ridge coming from
vy correlations (full circles), compared to the contribution from components with a probability larger then
0.2 (open triangles). Also shown is a sum of all the weak contributions smaller than 0.01 (open squares).
As one can see, the strongest correlations contribute mostly to the narrow part of the ridge.

width of the diagonal cuts, as would be expected for uncorrelated components. The
narrow component seen in the perpendicular cut can be recognized as a diffuse ridge
displaced 4/Z® = 60 keV from the diagonal E,, = E,,, with 51.5% intensity of the
full distribution and FWHM=64 keV. Similar results are obtained for all other spin
sequences.

Further investigation show that the strongest components in the distribution functions
of the individual states (see Fig. 1) are found in the narrow component, as shown in
Fig. 15.

On the basis of these results we can conclude that the band-mixing calculations
predict significant correlations in the subsequent steps of the rotational cascade. This
is surprising and to some degree in conflict with the simple analysis scheme of the
RPM technigue given above, which is based on the concept of independent selection of
transition energies.

To be able to see how the energy correlations manifest themselves in real spectra
we perform a series of simulation calculations. The level energies and the transition
strengths of the band-mixing model are used as input of a Monte Carlo program, named
MONTESTELLA [21,22], which simulates the y-ray cascade from the entry population
region of the residual nucleus all the way down to the yrast line, through the competition
of statistical E1 and collective E2 transitions. The rotational nuclear decay will proceed
along the calculated discrete rotational bands up to the first 500 levels above yrast for
each parity and signature, while at higher excitation energy the B(E2) values are chosen
within a gaussian shaped distribution with a full width at half maximum equal to the
rotational damping width I'r,;. The values of Iy and the level density parameter a used
in the damped region are extrapolated from the region of microscopically calculated
levels. With this procedure both 2D and 3D simulated spectra can be obtained.

Fig. 16 shows a comparison made for both 2D and 3D spectra of real data of '3Tm
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Fig. 16. Comparison between 2D and 3D coincidence spectra of '3Tm and similar simulated matrices
obtained by the MONTESTELLA code [21,22] for '¥Yb, using 100000 y-ray cascades. (a) shows a 2D
v coincidence matrix, while 3D tilted rotational planes N = 1 and 2 are given in (b) and (c). The strong
fluctuations observed in the data are caused by three times fewer counts and by the application of the Compton
unfolding treatment.

and simulated matrices. The top part of the figure shows a 2D yy matrix, while the
rotational plane N = 1 and 2 are displayed in the middle and bottom parts. As one
can see, the general patterns in the spectra is rather similar, and the typical ridge-valley
structure is clearly seen in both cases. This suggests that one can also analyze the
simulated spectra by the RPM technique in the same way as described above for the
experimental data.

The first application of the MONTESTELLA program is to test the reliability of
the RPM method for extracting the width of the strength function in the fully damped
region, where independent selection of transition energies can be assumed. Therefore, 2D
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Fig. 17. The left side of the figure shows a RPM analysis of the simplest simulated spectra of 3D/2D,
where only a constant rotational damping width 7't = 2(24wg) is assumed, with the dispersion in rotational
frequency being Awy. Non-interacting bands have been used in the region of discrete bands to simulate the
discrete ridge structure, which to some extent are disregarded in the RPM analysis. The right side of the figure
displays the results obtained from the RPM analysis of 3D/2D valley shapes of simulated spectra based on
self-consistent mixed-band calculations of ¥ Yb (see text), with the residual interaction turned on. In both
cases the solid lines represent the value expected by the RPM method for the FWHM of the 3D/2D valley,
according to the damping width used inside the simulation program. The dashed lines represent instead the
expected depth according to the analytical functions (4) and (7), using the I’y values obtained from the
analysis of the FWHM of the 3D/2D valley.

and 3D/2D simulated spectra were created with the lowest 500 bands for each parity
and signature configuration being unaffected by the residual interaction, that is, they
form discrete rotational bands. In the energy region above these levels, the full damping
picture is still applied, with independent selection of transition energy in each step of
transition energies within a gaussian strength function with FWHM=I",; = 2(24wo),
which corresponds to the dispersion in rotational frequency among the cranked bands.
The final 2D and 3D simulated spectra were generated adding up the contributions from
the four independent simulations of 100000 cascades, using the discrete rotational bands
built on the four different parity and signature configurations. The RPM method was
applied in the same way as for the real spectra omitting the regions of discrete lines
in the analysis. The results of this test are shown in the left-hand side of Fig. 17 as
points with error bars. The relatively large error bars obtained for the FWHM reflect
the fact that the ridge structures in this case strongly dominate the spectra. As one can
see, the fitted values of the FWHM of the 3D/2D valley are in good agreement with
the intrinsic value 2(24wg) (solid line), used by the program. Also the analysis of the
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depth is consistent with the values expected according to the analytical functions (4)
and (7) (dashed line). This confirms that in this simple case the RPM method, as it
is formulated now, gives a satisfactory description of the distribution of fully damped
events in 2D and 3D spectra.

Secondly, simulated spectra are produced after the Surface Delta Interaction is diag-
onalized in the cranked shell-model basis. In the right-hand side of Fig. 17 the results
of the 3D/2D RPM analysis are shown as points with error bars. The curve represents
the FWHM~ 2 x /2T of the gaussian valley, as extracted directly from a measure
of the spreading width of the transitions in a single step given by the microscopic band
mixing calculations. As one can see, the FWHM values found with the RPM analysis are
almost constant over the full range of transition energies and of the order of ~ 400 keV,
which is almost 40% lower than the expected values (solid line). Also the analysis of
the depth become more than 50% smaller than expected from the analytical functions
(4) and (7) (dashed line), with a gradual decrease as E, increases. Precisely the same
trends are found in the data, as discussed above, and illustrated in Figs. 8~10. It may
be instructive also to directly compare the general trends in the spectrum shapes of the
simulated spectra in Fig. 18 for '®Yb with the experimental spectra of '®3*Tm shown in
Fig. 5.

It is a remarkable fact that the real data and the simulated spectra, based on micro-
scopic band-mixing calculations including the SDI residual interaction, show the same
trends and discrepancies in the RPM analysis of the width and of the depth of the valley.
This strongly suggests that in the presence of band mixing one is rot allowed to assume
an uncorrelated selection of transition energies.

A closer look at the problems shows a strong dependence on the heat energy. Fig. 19
displays spectra of transition energy differences for two consecutive transitions con-
necting angular momenta 42 — 40 — 38 obtained from the band-mixing calculations,
similar to the perpendicular cuts in Fig. 14, there shown only for levels 11-40. As one
can see, the spectrum resulting from the calculations of the decay from all the lowest
100 levels (solid line) has a composite shape of a narrow ridge superimposed on a
rather wide component. The dashed and dotted lines show the separate contributions to
the ridge structure coming from levels 1-10, 11-20, 21-40 and 41-100 and indicate that
the most narrow part of the ridge seems to originate predominantly from the lowest-lying
10 states, including yrast (see Fig. 19a). This corresponds to the lowest 40 levels if all
four parity-signature combinations are considered. The narrow structure has a FWHM
~ 20 keV, close to the dispersion in the moment of inertia Z¢® of lowest lying bands.
It is clearly seen how the sharp component becomes much wider (narrow ridge-like
component) in the next level intervals shown in Figs. 19b and ¢, while in the last one
(Fig. 19d) a very wide component is strongly dominating.

In a first attempt, the intensity and the width of the wide and narrow components
previously discussed have been fitted using two independent gaussian functions. This
is shown in logarithmic scale by dashed lines in Fig. 20 for the (E,, — E,,) spectra
originated by levels 1-10, 11-20, 21-40 and 41-100. The solid lines corresponds to the
total fits of the distribution. The results obtained for the width and the intensity of both
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Fig. 18. (b), (¢), (d) and (e) show perpendicular cuts, 60 keV wide, on the 3D/2D divided rotational planes
N =1, 2,3 and 4 for the nucleus ¥ Yb, at the average transition energy 960 keV. The spectra have been
obtained by the simulation program MONTESTELLA [21,22]. One may notice the similarity and difference
to the data, the latter mainly due to the differences between the two nuclei (see Fig. 5). The damping width
in the '8 Yb calculations is almost 2 x larger than found in the '©3Tm data (see also Figs. 8, 9, 10 and 17).
The solid curves shown in the figure has been obtained by fitting the shape of the combined valleys with the

gaussian $3) /(2 analytical function, leaving out the ridge regions (open circles), as shown in (a), in the
same way as for the real data.
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Fig. 19. The first ridge of '® Yb at 7 = 40k obtained from band-mixing calculations [18] sampling the four
parity and signature configurations up to level number 100 is shown with solid line in (a), (b), (¢) and (d).
The dashed lines show the contribution to the ridge originating from the group of levels 1-10, 11-20, 21-40
and 41-100.

the wide and narrow components are displayed in Fig. 21 as function of the number of
levels used to generate the ridge for the angular momenta / = 30, 40, 50 and 60h. One
can observe that the wide component behaves as expected for damped transitions, its
FWHM being close to the value V2T, With increasing heat energy, the intensity of
the narrow component decreases, and correspondingly the wide component grows. Still,
the narrow component persists well into the damped region, covering more than 200
levels of each parity and signature. As one can see, the narrow component can account
for roughly 30% of the total intensity of the composite ridge structure, its width being
~ 50-80 keV, while the wide component seems to exhibit a much wider width, from
~ 250 to ~ 400 keV, depending on the angular momentum.

One can then conclude that the general shape of the two-step spectrum is composite
and quite different from the simple round hill distribution expected according to the
assumption of uncorrelated selection of damped transitions (see Fig. 1), as also demon-
strated in the plot of Fig. 14. If we consider the full energy region populated though
the compound nucleus reactions, the total two-step spectrum consists in fact of three
components:

(i) A sharp 20 keV wide ridge, originating from the lowest lying 30-50 regular

rotational bands with small branching to other bands,
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Fig. 20. The first ridge of consecutive transitions (I +2 — I — I — 2) from band-mixing calculations | 18]
obtained sampling the four parity and signature configurations for '8Yb at I = 40% for the sets of levels
1-10, 11-20, 21-40, 41-100 separately is shown. In all cases the ridge is seen to be made out of a wide and
a narrow component, the width and intensities of them being plotted in Fig. 21. The distributions are fitted by
two gaussian functions, as shown in the figure with dotted and dashed lines. The full drawn line shows the
total.

(ii) a wide component with a FWHM > 200 keV originating from fully damped
transitions as implicitly described by the rotational damping mechanism and finally

(iii) a component of width around 50-80 keV, which displays a correlated behaviour
with respect to transition energy differences.

The presence of a narrow component is clearly important for the analysis of the ex-
perimental spectra, since it is in conflict with the assumption of uncorrelated transition
energies used for the derivation of the analytical spectra functions. We speculate that the
narrow component is due to phase correlations between bands of similar alignment in
their mixing at consecutive angular momenta. Also, it cannot be ruled out that correla-
tions over two or more steps may exist in the Porter-Thomas fluctuations, which for the
decay out of each mixed-band state is superposed on the overall strength function [19].
Currently, we are searching in the mixed band calculations for such types of correla-
tions, so far without a unique answer. An attempt is being made to incorporate into the
picture correlations in the wave-functions which extend over several units of angular
momentum, to assess the influence of these correlations on 2D and 3D spectra [12].
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Fig. 21. The figure shows the width (left part) and the intensity (right part) of the wide and narrow
components present in the first ridge obtained from band-mixing calculations (see Fig. 20). The width and
the intensity are obtained as function of level number (or excitation energy, as given in the top part of the
figure) by fitting the two components with a gaussian shape, as typically shown in Fig. 20.

5. Conclusions

The study of the 2D and 3D spectra shapes along the central valley of both experimen-
tal and simulated spectra by the rotational plane mapping Method has shown that the
mechanism of the damping of rotational motion is more complex than previously con-
ceived. Simulation calculations indicate that transition energy correlations are important
even in the region of damped motion. This is shown by the presence of a narrow and of
a broad component in the rotational transition strength of the y-ray coincidence distri-
bution of warm nuclei. The fact that an intense correlated narrow component is present
in the realistic band-mixing calculations clearly indicates that the hypothesis adopted so
far of independent selection of transition energies in the damped region cannot be fully
trusted, which makes the determination of Iy less definite if only simple uncorrelated
spectra functions based on gaussian and Breit-Wigner shaped B(E2) strength are used.
The presence of the narrow component opens up the possibility of a more detailed study
of the couplings which produce the compound states of the warm rotational nucleus,
underlying the phenomenon of rotational damping.

In this paper we have discussed experimentally the analysis of '©!93Tm data. We
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quote only the FWHM and the depth of the valley, which can only be related to the real
damping width I;,; by more specific band-mixing calculations for these nuclei.
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