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Rotational Quadrupole Moment of Thermally Excited High Spin States in164Yb
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The lifetime of the unresolveg transitions forming the rotational quasicontinuum spectrum has been
measured for®Yb using the Doppler shift attenuation technique. The fractional Doppler shifts of
transitions along the diagonal valley &%, X E,, spectra are extracted for the first time using a new
technique based on the fluctuation patterns of counts. The rotational collectivity was found to persist
with full strength also when the rotational bands are strongly mixed. For the highHspin20/4) and
energy(0 < E., < 2 MeV) regions there is agreement between the discrete and the damped transitions
and withQ, = 5.5 eb. [S0031-9007(98)07073-2]

PACS numbers: 21.10.Tg, 21.10.Re, 21.60.Ka, 27.70.+q

Several studies of the rotational quasicontinuum forHowever, only for the ridges and for the discrete lines has
normally deformed nuclei in the rare earth region havet been possible to deduce the value@f since the high
been made in the last few years employing two differenenergy transitions at the edge of thg@ bump were found
techniques, one based on the shape analysis of the “ridge be fully shifted and consequently no sensitivity to the
valley” structure inE,, X E,, spectra [1], and the other value of the quadrupole moment was obtained.
on a fluctuation analysis method [2]. These studies To deduce the quadrupole moment in the region of
have shown that the rotational motion is carried bystrongly mixed bands we have developed and employed for
regular rotational bands at low excitation energy, whilethe first time a method, based on fhgctuation patterrof
at higher excitation energy, where the level density iscounts of unresolved transitions in the diagonal valley of
high, rotational bands are strongly mixed. By comparingE,, X E,, spectra. By focusing on the valley, we select
the experimental data with predictions of the rotationaldamped transitions in the cleanest way, excluding transi-
damping model [3], one has learned that the mixingtions which display the energy correlations characteristic
among rotational bands is strongly governed by a residuaidf regular rotational bands. A Doppler shift analysis of the
interaction including high multipole terms, and that thefluctuation patterns is made through a covariance analy-
mixing is configuration dependent [4—6]. sis of shifted counts in the valley. The new method is

In spite of the progress made recently in this field, onedescribed in some detail below, and the obtained results,
of the basic assumptions behind the rotational dampingroviding the first measured value of tig in the contin-
model, namely, that the warm nucleus is strongly collecuum, are discussed. Furthermore, the results are compared
tive with a quadrupole momen@®; of the same order as to simulations based on realistic band mixing calculations
that of the cold regular rotational bands, has never beepresently available for th&3Yb nucleus in the same mass
experimentally verified. To test this assumption, lifetimeregion [10].
measurements of the damped transitions are necessary. The fusion reaction’®Si(150 MeV) + 3¥Ba = 18Yb

So far, lifetimes of discrete high spin states have beemwas used to populate the compound residid&¥+!%Yb
measured by employing the Doppler-shift attenuatiorafterxn evaporations. The experiment was carried out at
method [7]. In addition, the fractional Doppler shifts of the Institut de Recherches Subatomiques of Strasbourg us-
the regular bands forming ridge structuresip X E,, ing the Vivitron tandem accelerator and the multidetector
spectra, and of the unresolved high energy rotationatystem EUROGAM Il [11]. Two runs were made, one
transitions forming the upper edge of ti#2 bump in  with a backed*Ba target of225 wg/cn? evaporated on
one-dimensional (1D) spectra, have been measured [8,%.Pb backing of mg/cn?, the other using a stack of two
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targets each evaporated on a thin Au foikeff80 ng/cm?.  the yrast band was deduced from the Doppler shift of
The total thickness of th&*®*Ba was450 ug/cn?. The  the centroid position in the forward (46)4and backward
initial velocity of the residual nuclei in the middle of the (—46.4°) angles. The energies, spins, and observed
target was calculated to he/c = 1.8%. A total of 220 fractional shifts of these transitions are given in Table I,
and 120M triple and higher-fold events (with an aver- together with the effective lifetimes deduced directly from
age Ge fold of 5) were collected in the thin and backedF(7) using the calculated velocity profile of the recoiling
target experiments, respectively. Energy-dependent timeucleus in the target. To extract the intrinsic quadrupole
gates on the Ge time signal were used to suppress backtomentQ, the measured values @f(7) are compared
ground from neutrons. Ungated 2D matrices, employedo calculated curves associated to differéntvalues (as

in the following analysis, contain mainly transitions of the described below). The analysis for the three transitions
nucleus'®Yb at £, > 900 keV. In fact, the intensity of in the table givesQ, = 5.5 eb (see Fig. 3), which is
the known discrete transitions §fYb relative to that of =~15% lower than the average value deduced for the same
all the residual nuclei is=70% at 2874 (E, =~ 900 keV) transitions in a previous work [12] where a full line shape
and increases at higher spins. The calculated maximumnalysis was performed.

angular momentum i63%. The ungated 2D matrix, mea-  The analysis of unresolved transitions in regular excited
sured with the unbacked target, is shown in panel (a) ofotational bands forming the ridge structurefip, X E,,

Fig. 1 for y-transition energies in the interval of interest. spectra was based on the Doppler shift of the ridges in
The effective lifetime (effective since it reflects also the forward-backward and backward-forward 2D matri-
the feeding time) of some of the discrete transitions ofces. The matrices were background subtracted by means
of the CoR procedure [13], thereby removing the coin-
cidences with low lying bands, which extends over the

a)1200 valley as straight “stripes” in the raw spectra [2]. Two
e : sets of spectra obtained from 64 keV wide cuts perpen-
21000 dicular to theE,, = E,, diagonal, akE,) = 0.5(E,, +
< E,,) = 800 and 880 keV in the two matrices are shown in
mgsoo Fig. 1(b). The amount of shift can clearly be seen for the

: = ridges but not for the valley characterized by a flat continu-
800 1000 1200 ous distribution. Values for the fractional shifts of selected

E,; (keV) intervals of the ridge structures are shown in Fig. 3.
The simplest and most direct way to measure lifetimes of

224000 <E > = 800 keV transitions in the damped region is to deduce the fractional
F3000F Doppler shift from 1D spectra at forward and backward
% oy ’ angles, where the spectral shape changeshyjtte.g., the
82000 - upper edge of th&2 continuous bump. To extract the size

1000 of the shift in the energy interval00 < E, < 1400 keV

® of the E2 bump of '**Yb, shown in Fig. 1(c), we have
52000 [ . used the procedure described in Refs. [8,9]. Applying this
=) . method, fractional shifts &1 were obtained, as shown by
01250 : g . : e
O open squares in Fig. 3. Since these high energy transitions

500 R of the E2 bump are fully shifted, it was not possible
-200 0 200 from this analysis to obtain a value for the quadrupole

(E,-Epp) (keV) moment, but only to extract an upper limit ef10"'* s
for the effective lifetime of the rotational states in the
quasicontinuum.

To measure the nuclear quadrupole moment of the
strongly mixed bands, one has to focus on lower transition
energies where the values of the fractional shifts are

0
800 1300 1800

Ey (keV) TABLE |. Measured fractional Doppler shiff(r) for some

. . discrete peaks of the yrast band. The effective lifetimes are
FIG. 1. (a) The 2D matrix measured with the unbacked targetieduced directly fron¥(r) and the velocity profile of the re-
shown for the region of interest. (b) The Doppler shift of the coiling nucleus, as discussed in the text.
ridges in spectra obtained in cuts perpendicular to Ehe =
E,, diagonal at(E,) = 800 and 880 keV in(Ef, x EB), as  Ey (keV) 1 (h) F(r) 7 (1072 9
solid line, and(EZ X EI ), as dotted line, wher& and F 780.6 224+ = 22+ 0.33 + 0.01 0.850 + 0.005
indicate backward' and forward angles, respectively. (c) One- g3g 4 26+ — 24+ 035 + 0.05 0.815 + 0.005
dimensional spectra measured at 4@&Ad—46.4°, showing the 889.2 28+ — 26+ 058 + 003  0.500 = 0.005
shift of the E2 bump.
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expected to be smaller than 1. This cannot be done <E > =880 keV
by studying the shift in 1D spectra because at lower 1.0 ¥ +
transition energies the one-dimensio& bump is flat ) a) ¢,
with superimposed contributions from the discrete regular s
bands [see Fig. 1(c)]. In contrast, one can study the valley = 0.5 , Fs*
structure of theE,, X E,, spectrum, which is mainly .. ‘
populated by damped rotational transitions and almost 0.0 s
free of regular rotational bands. Because this region of )
the spectrum is also flat and continuous, as one can see in 05 UNBACKED TARGET
Fig. 1(b), we had to develop a new method to extract the 1.0 b) ‘
Doppler shift attenuation, based on a covariance analysis .
of the fluctuations of counts in pairs of 2D spectra. bt t
The data were sorted into 2D spectra, nameﬁ,{fl X o 0.5 ¢ t ; FS
EZ)and(EZ X EI), whereB andF indicate backward IR IR
and forward angles, respectively. Two sets of spectra 0.0
were then constructed. The first consists of spectra of the BACKED TARGET
type (Efl X Egz)shifFN, obtained by shifting the counts 05 R R S
in channel (X,Y) to channel (X + N,Y — N), each 10 20 30 40 50 60
corresponding to given integer value¥, = 1,2,3.... SHIFT (keV)
The second set consists of spectra of the t{/Eél X 12
EZ )qir——n, Obtained by shifting the counts in channel 10 c) ... 164y
(X,Y) to channelX — N,Y + N). ' %“Ez}i
The correlations in fluctuations between any 6§, ¥ = 0.8 ) +§
Eiz)shift:N and (E§l X Efz)shift:_N spectra [denoted in L 0.6 u
the following equation by (A) andM (B)] were evaluated 0.4 i
in terms of the covariance of counts, defined as 0.2 T| 8 Bhoken anery
1 . 0.0 - T 1
:“2,cov(AvB) = N. ;[MJ(A) Mj(A)] 700 900 1100
X [M;(B) — i,(B)]. (1) E, (keV)

The sum is over a region spanning, channels in a
2D 64 keV X 64 keV window, andM denotes an average FIG. 2. (a) and (b) Typical examples of the correlation
spectrum (which in our case is found by the routamaT-  coefficientr, associated to thex,) = 830 keV as a function
FIT as a numerical smoothed third-order approximation t@f the relative shifts betweenEy, X EJ)mir——n kv and
the 2D spectrum [2]). (Ef, + EZ )ain=+n kev in the case of the backed and the thin

' : . _target experiment, respectively. The arrows indicate the values
To normalize the covariance [5] and thereby determin orresponding to the maximum of and to the full shift (FS)

the degree of correlation between the two spectra, thfom which we deduce the fractional Doppler shif(r), as

correlation coefficient(A, B) was calculated: shown in (c) for different energie€,. The error bars in
(A, B) (c) represent the step for the shift applied to the data in the
r(A,B) = H2.covif covariance analysi&+4 keV).

V@) — 1™ @] a8 — 1™ ®)]

(raw) . . the fractional Doppler shiff'(r). We find an energy re-
Herew; " is the first moment of the raw spectrum, and gion in the valley800 < E, < 1000 keV, whereF () is
2 is the second moment of tieoR-subtracted spectrum,  significantly smaller than 1 and thereby a sensitivity to the
both defined for the same regiav;,, as the covariance. value of the quadrupole moment. As can be seen from
The second moment is related to the covariance by thBig. 2(c), F(r) increases withE, ), as expected.
relationu,(A) = wacov(A,A). This analysis requires that A stringent test of this new method is obtained by
w2/ py is significantly larger than 1, which is the statistical analyzing data for the same reaction but using a thin
limit. target. In fact, in the case of thin target data one expects
A typical example of the correlation coefficient to find F(7) = 1 for all y-transition energies because the
is shown in Figs. 2(a) and 2(b) as a function of theemission from the recoiling nucleus occurs in flight with
relative shifts betweer(E§, X E)Ijz)shift=N and (Ei, X the maximum velocity. The results of the analysis of the
Efz)shift:_N, for the transition energyE,) = 880 keV.  backed and thin target data are shown in Fig. 2(c). Inthe
In this figure we indicate with arrows the values corre-figure we compare data corresponding to the same average
sponding to the maximum of the correlation coefficient transition energy for a backed and a thin target. Indeed,
and to the full shift position, from which we can deducewhile the backed target data display partial shifts, the thin
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target data are in accordance with the full shifts, giving 164
convincing support to the validity of the new method. 1.0 - Yb , 11
The observed Doppler shift attenuation corresponds tt ~ e T
effective decay times related to the history of the paths gl
from the entry point to the time of emission of the ob- !
served transitions. The cascades proceed through the © 06f

region of rotational damping, where the energy spread o/ - QF76eb
the decay transitions affects the average lifetimes due t 0.41 ~ RESOLVED LINES
the Ei factor in theE2 transition probability. In order 0.2 Q6.6 eb % o ElgGE .
L VARIANCE VALLEY
to extract the nuclear quadrupole momewt from the assse ; E2 BUMP
=5.

measured shifts, the cascades from the excited nucleus
have been realistically simulated by theoretically calcu- A N
lated cascades including damping, starting from an entn 500 700 900 1100 1300 1500
distribution in energy and spin of the residual nucleus Ey (keV)

[10] and ending at the transition in question. The com- . _
petition between statisticat’1 transitions, governed by F!G-3. The measured fractional Doppler shifts for some
discrete transitions and for different parts of the quasicontinuum

the tail of the giant dipole resonance, al transi-  gpectra. The lines represent the expected theoretical values for
tions from microscopically calculated rotational bandsg, = 5.5, 6.6, and7.6 ¢b [corresponding to 200, 300, and

is simulated. The energies and transition probabilitiegl00 W.u. (Weisskopf units), respectively], as obtained from
of the rotational bands mixed by the residual interacSimulated spectra.
tion are available for thé®®Yb nucleus in great detail
and have therefore been used to represent typical dec@¥e major part of the strength remains concentrated around
paths in a deformed nucleus in this same mass region [4},4 average decay energy.

The intrinsic lifetime 7; of a statei at spin/ and In summary, a new method based on a covariance
excitation energyU; was calculated starting from the 5navsis of spectra measured with detectors at forward

transition probabilities fort'1 and £2 decayT(E1,Ui)  gnd backward angles has allowed us to extract for the
and T(E2, U;). The simulation program calculates the first time the quadrupole moment of states in a nucleus

effective lifetimer of a transition at spid as the sum of it excitation energies in the continuum region. The
the lifetimesr; of the preceding transitions with spin= " aqjts show that the nucleus conserves its collectivity
1, 7(I) = Z_!zl 7i(J). Making use of the velocity profile 5, increasing excitation energy=2 MeV), thus giving

of the recoiling nucleus in the target and backing [7’14115]str0ng support to the rotational damping model.

the program calculates the velocity of the nucleus at the Tis work has been supported by the Italian Istituto

time 7 and then the associated Doppler shift. More detail§yazionale di Fisica Nucleare and the Danish Natural
about the simulation procedures can be found in Ref. [10]lgcience Research Council.
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