
PHYSICAL REVIEW C AUGUST 1998VOLUME 58, NUMBER 2
Detailed angular correlation analysis with 4p spectrometers: Spin determinations
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We analyze for the first time the fullgg directional correlations from oriented states~DCO! in an experiment
performed with the GASP detector array. Our analysis is based on a transformation of the directional infor-
mation into expansion coefficients of an orthogonal basis. With this method, which we call SpeeDCO~spectral
expansion of DCO!, the complete DCO information is concentrated in 12gg coincidence spectra. The analysis
is applicable to all detector arrays which uniformly cover the solid angle. We show that the complete DCO
information can be used for a reliable and unique determination of spins and multipolarity mixing ratios in
weakly populated bands. We were able to establish the spins and the positive parity of theDI 51 ‘‘ M1 band’’
in 128Ba and multipolarity mixing ratios of nineM1/E2 in-band transitions were derived as well. The measured
values are in good agreement with those expected for a high-K rotational band.@S0556-2813~98!00608-6#

PACS number~s!: 21.10.Re, 23.20.Lv, 25.70.Gh, 27.60.1j
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I. INTRODUCTION

The xenon, barium, and cerium isotopes with massA
'130 are well known for a variety of collective nucle
deformations. They possessg-soft, triaxial deformation in
the ground state with moderate quadrupole deformation
b'0.2. Because of theirg softness, quasiparticle excitation
can polarize the deformation towards prolate or oblate sha
more easily than in well-deformed nuclei. Nevertheless,
properties of these nuclei vary smoothly with mass numb
One characteristic excitation in this mass region correspo
to four-quasiparticle ‘‘M1 bands’’ with DI 51 transitions
dominating over the competingDI 52 ones. These structure
were interpreted as a realization of ‘‘tilted axis cranking
~TAC! by Frauendorf and co-workers@1–3# and were as
such called ‘‘t bands.’’ An alternative interpretation as high
K rotational bands was also proposed@3#.

The purpose of the present work is to establish the s
parity, and multipolarity mixing ratiosd(E2/M1) for the
members of the ‘‘M1 band’’ in 128Ba. Our analysis ofgg
directional correlations from oriented states~DCO! was per-
formed on the data set of an experiment at the GASP s
trometer at the INFN in Legnaro. The excited states of128Ba
were populated in the fusion-evaporation react
96Mo(36S,4n)128Ba at a beam energy of 150 MeV. Theg-
triples coincidence events were recorded in two runs, fro
thin and a thick target, respectively.
PRC 580556-2813/98/58~2!/721~8!/$15.00
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The level scheme and lifetime data of the experim
were published in@3#. In that work, discrete connections be
tween the ‘‘M1 band’’ and the lower level scheme we
established for the first time in this mass region~see Fig. 1!.
The experiment also provided data on branching ratios
tweenDI 51 andDI 52 transitions in the ‘‘M1 band’’ and
absolute lifetimes of three levels in this band. The compa
son of transition matrix elements with the predictions of d
ferent models, such as TAC or a description as a highK
rotational band, was based on the assumption that the b
has negative parity and thatDI 51 transitions have pureM1
character. At that time these assumptions could not
proved by experimental data. This issue was one motiva
for the analysis of the DCO information described in t
present work.

The evaluation of DCO is a well-known method to assi
spins and parities to excited nuclear states and to mea
multipolarity mixing ratios@4,5#. This method is particularly
important for low-spin experiments, where spin determin
tions and multipolarity measurements are the central goal
the analysis@6,7#. Nevertheless, evaluating the comple
DCO information has not become a standard technique
the new generation of 4p detector arrays. In a straightfor
ward DCO analysis from these spectrometers, the exp
mental statistics would be spread over many spectra of
ferent geometrical angles, e.g., 107 spectra for the geom
of GASP@8# or even 320 spectra for GAMMASPHERE@9#.
721 © 1998 The American Physical Society
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FIG. 1. Partial level scheme o
128Ba as observed in the
96Mo(36S,4n)128Ba reaction, taken
from Ref. @3#
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II. gg ANGULAR CORRELATION ANALYSIS
WITH SpeeDCO

A. Principle of SpeeDCO

In this section we explain the principle and main outli
of the SpeeDCO analysis. A detailed description of
method focusing on the sensitivity for spin determinati
and multipolarity mixing in different contexts will be give
in an upcoming publication@10#. In the formulas and con
ventions we follow Ref.@4#. We call the experimental DCO
distribution of a givengg cascadew(u1 ,u2 ,f). In a conven-
tional DCO analysis, this experimental distribution will b
compared to a hypothetical distributionW(u1 ,u2 ,f) of two
g rays g1,2 emitted in a cascade from an oriented nucle
stateI 1 . W(u1 ,u2 ,f) is calculated by
e

r

W~u1 ,u2 ,f!5 (
l1 ,l,l2

Bl1
~ I 1!Al

l1l2~g1!Al2
~g2!

3Hl1ll2
~u1u2f!, ~1!

where

Hl1ll2
5

4p

2l211 (
q52l8

q5l8

^l10lqul2q&

3Ylq~u1,0!Yl2q* ~u2f!,

l85min~l,l2!. ~2!
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TABLE I. Expansion coefficients used in the SpeeDCO expansion of directional correlations from
ented states. The values given forAl

l1l2 andAl2
are maximal absolute values forDI 50,1,2g transitions with

mixed dipole or quadrupole multipolarity decaying fromI 1510. The absolute values forBl1
are calculated

at I 1510 with an orientation parameters54. The product of the three numbers measures the importanc
the expansion term for typicalgg cascades. In the last column, a simple description of the angular fun
Hl1ll2

is given, in cases where it depends on one geometrical parameter only.

L l1ll2

Maximal values~see caption!

Geom.Bl1
Al

l1l2 Al2
Prod.

1 0 0 0 1.000 1.000 1.000 1.000 Total statistics
2 0 2 2 1.000 0.404 0.817 0.330 }Pl2(/(g1 ,g2))
3 0 4 4 1.000 0.186 0.558 0.104 }Pl4(/(g1 ,g2))
4 2 0 2 0.665 0.440 0.817 0.239 }Pl2(u2)
5 2 2 0 0.665 0.365 1.000 0.243 }Pl2(u1)
6 2 2 2 0.665 0.205 0.817 0.111
7 2 2 4 0.665 0.220 0.558 0.081
8 2 4 2 0.665 0.138 0.817 0.075
9 4 0 4 0.244 0.317 0.558 0.043 }Pl4(u2)

10 4 4 0 0.244 0.186 1.000 0.045 }Pl4(u1)
11 4 2 4 0.244 0.140 0.558 0.019
12 4 4 2 0.244 0.097 0.817 0.019
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The anglesu1,2 denote the polar angles of the emittedg1,2
radiation with respect to the beam axis, andf is the differ-
ence in the respective azimuthal angles. The tensorBl1

(I 1)
describes the orientation of the upper nuclear state, the te
Al

l1l2(g1) the orientation of the intermediate state due
emission ofg1 , and Al2

(g2) the emission ofg2 . For the
definition of these tensors see Ref.@4#.

To clarify the principle of the SpeeDCO analysis, we r
write Eq. ~1! as

W~Q!5(
L

SLHL~Q!, ~3!

where we introduce the indicesQ and L, with Q
5(u1 ,u2 ,f) standing for the angles of all availableN
detector pairs of the given spectrometer setup
L5(l1 ,l,l2) denoting the relevant terms of Eq.~1! ~see
Table I!. Note thatSL , which is the product of theA andB
tensors, carries all the information about the hypothet
spins and multipolarities. The SpeeDCO analysis is base
the observation that the vectorsHL(Q) form an orthogonal
basis of the possible DCO patternsW(u1 ,u2 ,f). We use
this basis to transform the experimental DCO spec
wQ(E1 ,E2) into their Fourier representationssL(E1 ,E2) by
the expression

sL~E1 ,E2!5(
Q

HL~Q!

iHLi wQ~E1 ,E2! ~4!

and compare experiment and hypothesis in Fourier sp
rather than in geometrical space. The normalization with
quotient iHLi5A1/N(QHL

2 is performed in order to sim
plify the error calculation discussed in Sec. II D. Calcu
tions show that the 12 expansion coefficientsL5(l1ll2) of
Table I are sufficient to describe the relevant DCO patte
for dipole and quadrupole radiations@10#.
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The Fourier transformation@Eq. ~4!# is performed for
each energy bin (E1 ,E2) of the coincidence spectrum, pro
viding us with 12 two-dimensional histograms of expansi
coefficients. A sample coincidence spectrum in four of t
expansion matrices is displayed in Fig. 2.

The SpeeDCO method is based on two concepts. The
is the Fourier transformation of DCO patterns via Eq.~4! and
the observation that actual correlation patterns ofgg cas-
cades are determined by relatively few terms in the exp
sion. The second concept is to perform this expansion no
fitted peak areas but channel by channel on histograms
to extract the expansion coefficients by fitting peaks a
backgrounds to these histograms.

While the first concept is mathematically straightforwar
the second relies on the assumption that peaks and the
tinuous background are governed by the same terms of
expansion. The continuous background ofgg spectra emitted
in fusion-evaporation reactions consists mainly of two co

FIG. 2. SpeeDCO spectra gated on the 324 keV transition in
expansion matrices 000, 022, 202, and 220; see text for details



724 PRC 58I. WIEDENHÖVER et al.
TABLE II. Sample comparison of DCO analysis and SpeeDCO analysis for the~400,326! keV cascade in
the 124Xe experiment atNORDBALL ~see text!.

Method Spins x2 s d1 d2

DCO ~17!~16!~15! 0.5 2~1! 20.13(2) 20.12(2)
Transformed DCO 0.5 1.2~10! 20.13(2) 20.12(2)
SpeeDCO 0.5 0.2~10! 20.15(2) 20.14(2)
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ponents, i.e., Compton escape signals of the detectors a
quasicontinuum ofg rays from excitation regions with a hig
level density. Since both types of background have the s
angular correlations as discreteg transitions, we can expec
to find in the expansion spectra the same principal beha
for the signal and background as in ordinary spectra.

B. Software development and tests

In order to prove the principle of SpeeDCO and the so
ware developed for it, it was necessary to test the method
a data set where both approaches, i.e., a conventional D
analysis and SpeeDCO, were possible. This data set was
vided by an experiment on the neighboring nucleus124Xe
with the NORDBALL spectrometer at the NBI in Riso”. The
NORDBALL spectrometer is very favorable for conve
tional angular correlation studies, since its geometry res
in only 12 correlation groups@5#. The results of the conven
tional DCO analysis for124Xe will be published in@11#.

In Table II we show the results of three different a
proaches for the DCO analysis of the~400,326! keV cascade
from the 124Xe experiment. This cascade is part of aM1
band similar to the one measured in128Ba. The first line
presents the result of a conventional DCO analysis@11#. The
second line describes the results we obtained after transf
ing the same peak areas used for the conventional ana
into the SpeeDCO basis. The third line is the result of the
SpeeDCO analysis, i.e., the analysis of the coincidence s
tra of expansion coefficients. While the extracted values od
are consistent within the uncertainty limits, the fitted valu
for s seem to be smaller than for the usual DCO analy
The correct evaluation of the error analysis is, however,
ficult because the experiment provides only 12 geometr
groups which are transformed into the 12 expansion gro
of SpeeDCO. This situation creates correlations between
values of different expansion groups, which cannot be
cluded in our error analysis. The problem of correlated v
ues disappears for the GASP experiment on128Ba, where the
12 expansion groups are calculated from 107 indepen
geometrical values.

C. Data analysis

One convenient property of Eq.~4! is that the 12 spectra
sL(E1 ,E2) can be incremented event by event, since
summation over the different angles in Eq.~4! can be per-
formed as a summation over events with their individu
geometry. For each event (E1 ,E2 ,Q), the 12sL(E1 ,E2) are
incremented by the value ofHL(Q)/iHLi . This technique
requires the use of floating point histograms, which can
rounded out to integer values after all events have b
sorted.
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D. Error calculation

The uncertainties of the coincidence histogra
sL(E1 ,E2) can be calculated by straightforward error prop
gation of the terms in the sum of Eq.~4!. In the sorting
process, the error matrices

eL~E1 ,E2!5(
Q

S HL~Q!

iHLi D 2

wQ~E1 ,E2! ~5!

can be incremented just in the same way as the expan
matricessL . The uncertainty of an expansion coefficient
then calculated asAeL(E1 ,E2). Since these error matrice
double the memory required for sorting, we looked for a le
resource-consuming procedure. We employed an approx
tion by replacing the actual counting ratewQ(E1 ,E2) with
the average counting ratew8(E1 ,E2) in Eq. ~5!. The error
matrix then equals the total number of events at (E1 ,E2). At
this point the normalization conditionA(Q(HL(Q)/iHLi)2

5N was used, withN equal to the number of detector pair
We compared the results of a full error calculation and o
approximation on the124Xe data set described in the prev
ous section. Both methods provide similar results.

E. Efficiency calibration

The efficiency of the individual detectors was calibrat
with a mixed source of the152Eu and133Ba isotopes placed
at the target position. The energy dependence of the dete
efficiency was fitted with the five-parameter functione(Eg)
5A* (Eg2C1D* e2E* Eg)B.

The calibration was tested on the distribution of seve
strong 128Ba g transitions over the individual detectors. W
found that the calibrated efficiency overestimated the cou
ing rates of detectors 1–24 relative to 25–40 by a cons
factor 1.11. We attribute this difference to dead time effe
of the data acquisition system, which employs two mu
plexed analog-to-digital converters~ADC’s! for detectors
1–24 and 25–40, respectively. Thus we reduced the e
ciency calibrations of detectors 1–24 by a factor of 1.
without changing the energy dependence. This correction
moves mainly a forward-backward asymmetry of the o
served reaction counting rates. For the thick target spectra
furthermore had to correct the calibrated efficiencies for
sorption in the bismuth backing.

F. Spectra analysis and comparison to hypotheses

To support the analysis of multiple coincidence matric
we developed the programCLAYMORE, which generates
gated spectra in all matrices along with the respective e
spectra. The background subtraction in the two-dimensio
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matrices is performed following the method of Ref.@12# by
assigning a continuous background to the matrix projectio
This background is generated by linear interpolation
manually selected regions. The same regions are used fo
projections of all expansion matrices. The two-dimensio
background hypothesis is then calculated as

b2d~E1 ,E2!5px~E1!* by~E2!1bx~E1!* py~E2!

1bx~E1!* by~E2!,

where px,y stand for the background-subtracted project
spectra andbx,y for the continuous background hypothes
of respective projections.

A sample of background-subtracted expansion spe
gated on the 324 keV transition is displayed in Fig. 2.
expected, the expansion spectra show Gaussian peaks
varying relative amplitudes.

The peak areas are extracted from these gated spect
simultaneously fitting a selected region with a number
Gaussian peaks over an optional constant or linear b
ground. This additional background hypothesis was int
duced in order to be independent of local deviations from
global background subtraction pattern described above.
extracted peak areas proved to be reliable and not very
sitive to variations in the gate and background paramete

In a second step of the analysis, the peak areas for a g
gg cascade are compared to calculated patterns of diffe
spin hypotheses and multipolarity mixing ratiosd with the
programCORLEONE.

With ‘‘ideal’’ 4 p spectrometers the transformation of E
~4! is exact in the sense that experimentalsL coefficients can
be directly compared to the hypotheticalSL one. In real ex-
perimental setups, effects such as varying detector effic
cies or geometrical biases of the spectrometer cause s
nonorthogonalities in the basisHL(Q). To correct for detec-
tor efficiencies during the sorting process would increase
data-processing time of an individual event substantia
Thus, we chose to calculate these effects together with
theoretical hypotheses, which is easier to do.

III. RESULTS FOR THE 128Ba EXPERIMENTS

A. Tests and systematic errors

The SpeeDCO analysis was performed on the thick
thin target data from the GASP experiments on128Ba. We
first analyzed the SpeeDCO pattern of high-statisticsgg cas-
cades from the thick target experiment, which provide
excellent test for possible systematic problems in the an
sis. After the correction for the efficiency calibration di
cussed above, the experimental expansion pattern of the1

→21→01, 479–284 keV cascade could be reproduc
within a few percent in the calculation. The expansion p
tern together with the fitted hypothesis is displayed in Fig
Note that for the actual spin and multipolarity assignme
presented in the following section, the error calculation
dominated by the statistical limits of the experiment, not
systematic uncertainties.
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B. Mixing ratios in the ‘‘ M1 band’’

The experimental SpeeDCO pattern of the~324,296! keV
cascade together with the adopted hypothesis is show
Fig. 4. The figure also presents a hypothetical pattern for
local x2 minimum of the parameterss54.2, d153.60, and
d253.60 as well as the pattern for a pure dipole cascade

Figure 5 displays thex2 analysis for the independen
variation of bothd values for the~324,296! keV cascade of
the ‘‘M1 band.’’ In the calculation, the orientation parame
s was varied independently to minimize thex2 value at ev-
ery (d1 ,d2) point. The calculation reveals a unique min
mum at the parameterss52.0(16), d1520.20(3), andd2
520.17(4) with ax2 value of 1.7. The other local minima
have larger values, e.g.,x2>4.

FIG. 3. Correlation pattern of the~479,284! keV cascade in the
ground state band of128Ba. The dashed line represents a lea
squares fit to the observed SpeeDCO pattern with the orienta
parameters51.83(7). Thecalculated pattern agrees within devi
tions of 63% of the total statistics.

FIG. 4. Correlation pattern of the~324,296! keV cascade in the
‘‘ M1 band’’ of 128Ba. The dashed line represents the accepted
pothesis with the parameterss51.8, d324520.18, and d2965
20.18. The second hypothesis~short dashed line! represents ax2

fit with the assumption of pure dipole character. The third hypo
esis~points! corresponds to a local minimum in thex2 surface of
Fig. 5.
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The analysis of the correlation patterns for the memb
of the ‘‘M1 band’’ providedE2/M1 mixing ratios for eight
DI 51 transitions between20.14(4) and20.24(5). To ob-
tain a value for the mixing ratio, the angular correlatio
between the transition in question and its upper and lo
neighboringDI 51 transitions were analyzed and the fitt
value averaged over both results. Correlations with the m
weakerDI 52 transitions and correlations with second ne
neighboring DI 51 transitions were analyzed in order
verify these values independently. The values obtained w
different methods are consistent within the statistical unc
tainties. The results of these fits are presented in Table

C. Spin determination

The decay out of the ‘‘M1 band’’ to bothS bands and the
quasigamma band is spread out over six one- and two-
decay paths@3#. The observed connections limit the possib
spin hypotheses for the ‘‘M1 band’’ to 61\. The assign-
ment of negative parity in@3# was based on the identificatio
of the band with the negative parity band predicted by TA
calculations.

We analyzed the correlations of the~277,968! and
~277,843! keV cascades, which correspond to the decay
of the ‘‘M1 band’’ feeding two different 121 states of the
ground state and the firstS band~see Fig. 1 and Table IV!.
From the SpeeDCO analysis we can exclude theDI 50 char-
acter proposed by Ref.@3# and establish aDI 561 character

TABLE III. d(E2/M1) values from the SpeeDCO analysis f
members of the ‘‘M1 band’’ in 128Ba.

I i
p Eg @keV# d(E2/M1)

131 305 20.19(9)
141 277 20.14(4)
151 296 20.18(3)
161 324 20.18(3)
171 362 20.20(3)
181 394 20.24(3)
191 428 20.22(5)
201 457 20.20(4)
211 487 20.18(7)
rs
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for the 968 and 843 keV transitions. We assume that
lower-spin hypothesis is rather unlikely, because it wou
place theM1 band so far above the yrast band that it wou
hardly be populated in the reaction. The SpeeDCO patter
the~277,968! keV cascade together with the least squares
for the spin hypotheses in question is displayed in Fig. 6

Since we can exclude the observation ofM2 transitions
competing with collective in-bandM1/E2 transitions, the
previous assignment also determines positive parity for
M1 band. The 1039 keV and 817 keVg rays connecting the
‘‘ M1 band’’ and the quasigamma band areE2 transitions.
The other angular correlations ofg rays associated with the
decay out of theM1 band are all consistent with this ne
assignment.

IV. DISCUSSION

A. Sensitivity of the SpeeDCO method

The presence of mixed transitions with comparableE2
andM1 content leads to strong and characteristic DCO p
terns, which often allow unique spin and multipolarity a
signments even for weak cascades. Thus, DCO is most
sitive as a method to determine spins when mixedE2/M1

FIG. 5. x2 analysis of the SpeeDCO pattern of the~324,296!
keV cascade in the ‘‘M1 band’’ of 128Ba. During the variation of
the parametersd324 andd296, the orientation parameters was mini-
mized independently at each point.
three
e
the
TABLE IV. SpeeDCO analysis to determine spin and parity of the magnetic dipole band. The
transitions at 968, 938, and 847 keV connect the 4956 keV level with the 121 states of the ground stat
and the proton and neutronS bands. The correlations of each transition independently confirm
DI 51 assignment. The other hypotheses withDI 50 can be excluded by theirx2 values.
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transitions are in a cascade with the transitions of unkno
spins. A good illustration is the spin assignment for the ‘‘M1
band’’ discussed in the previous section. Only the correlat
of the mixed E2/M1 in-band transition with the mixed
E2/M1 decay out had a sufficiently characteristic DCO p
tern to decide between the possible spin hypotheses. In
trast, theE2 decay through the 1039 keV transition to t
quasigamma band, although twice as strong, can be fi
equally well withDI 51 andDI 50 hypotheses.

To demonstrate the advantage of the SpeeDCO ana
over the conventional gated angular distributions, the sa
~324,296! keV cascade of Fig. 5 was analyzed with the ter
corresponding only to the Legendre polynomialPl2 andPl4
angular distribution coefficients of bothg transitions ~see
Table I and Fig. 7!. From the gated angular distributio
analysis alone, no unique solution ford1 or d2 can be found.
This is due to the fact that the angular distribution is det
mined by a product of the free parameterss andd. Only if
the statistics are sufficient to determine thePl4 coefficient
can this ambiguity be resolved in angular distribution m
surements.

FIG. 6. Experimental SpeeDCO pattern of the~277,968! keV
cascade depopulating the ‘‘M1 band’’ together with the theoretica
patterns for the two possible spin hypotheses. The spin assign
provided by the first hypothesis was accepted.

FIG. 7. Same hypothesis as in Fig. 5, butx2 only based on
angular distribution analysis, demonstrating that no uniquex2 mini-
mum can be found.
n
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The additional information of a correlation analysis c
be most easily demonstrated with the~022! angular function
@Eq. ~2!#, which depends only on the relative angle betwe
both g rays ~see Table I!. Therefore, the calculated coeffi
cients of this term are independent of the orientation para
eter s and depend only on thed values and spins of both
transitions.

B. Examination of rotational transitions

The experiments on128Ba with the GASP spectromete
revealed a wealth of data on the ‘‘M1 band’’ in this nucleus
@3#: the branching ratios betweenDI 51 andDI 52 transi-
tions were measured and compared to predictions of
TAC model and of a high-K rotational band. For three ban
members, lifetimes could be obtained by the Doppler-s
attenuation method~DSAM!.

The determination of positive parity in our work leads
to assign a (ph11/2)

23(nh11/2)
2 configuration to the ‘‘M1

band.’’ The positive parity creates additional problems
the TAC description in@1#. As was pointed out in Ref.@3#,
the TAC predictions for positive parity do not match th
experimental data of branching ratios and matrix elemen

Another open question of Ref.@3# was the assumption
of pure M1 character for theDI 51 transitions. Our mea-
sured values ofd'20.2 correspond to anM1 content of
1/(11d2)'96%, which results only in minor corrections o
the previous results.

In previous works onM1 bands, theB(M1)DI 51 /
B(E2)DI 52 branching ratio was employed to investigate t
picture of magnetic rotation vs collective rotation. This o
servable cannot tell us ifB(E2) values increase or ifB(M1)
rates decrease with spin. These features correspond to
pictures of a high-K rotational band or a shears band, resp
tively. So far, the absolute matrix elements were only in f
cases measured with sufficient precision to discriminate
tween both pictures.

Measuring the mixing ratiod(E2/M1) provides us with
an additional observable to test the character of rotatio
matrix elements. To show this, we calculate the matrix e
ments of a rotational band according to Ref.@13#. For K
Þ1/2 theB(E2)DI 52 /B(M1)DI 52 branching ratios are

B~E2!DI 52

B~M1!DI 51

5
5

12

~eQ0!2

@~gk2gR!mN#2

3~ I 11K21!~ I 12K21!

K~2I 121!~2I 122!
. ~6!

The calculation predicts a stronger reduction ofB(E2)DI 52
than of B(M1)DI 51 in the vicinity of the bandhead, which
leads to the observed largeM1 branchings.

With the matrix elements of Ref.@13# the mixing ratio
d(E2/M1) is calculated as

d50.933Eg

^I 121iO~E2!i I 1&

^I 121iO~M1!i I 1&

50.933Eg@~ I 121!~ I 111!#21/2
Q0

~gk2gR!
, ~7!
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whereEg is in units of MeV, Q0 in e b, and (gK2gR) in
mN . We find that, unlike theDI 52/DI 51 branching ratios,
the mixing ratio calculated for a rotational band isindepen-
dent of the K quantum number and, thus, is a more dire
observable for the ratio of the effectiveE2 andM1 charges.

In Ref. @3# the branching ratios and level lifetimes we
fitted with the matrix elements of a high-K rotational band
and the parametersuQ0u53.79(21)e b @[b50.24(1)#,

FIG. 8. Experimental values for ^I i21iO(E2)i I i&/^I i

21iO(M1)i I i& extracted with Eq.~7! for transitions in the ‘‘M1
band’’ in 128Ba. The data are compared to a fit with the mat
elements of a rotational band with the effective chargesQ0

53.79e b, ugK2gRu50.41. These values were fitted in Ref.@3# to
theB(M1)/B(E2) branching ratios and to the lifetimes of the low
est three band members.
on

ta

s.

n
ys

e-

e

t

ugK2gRu50.41(2)mN , and K59.4(3). We extracted the
matrix elements ^I 121iO(E2)i I 1&/^I 121iO(M1)i I 1&
from the measuredd(E2/M1) using Eq.~7!. In Fig. 8 these
experimental values are compared to the values calcul
for a high-K band with the parameters of@3#. The good
agreement provides an additional, sensitive test for the r
of the fitteduQ0u and ugK2gRu values.

V. CONCLUSION

We performed for the first time a full DCO analysis o
the data of a GASP experiment. Our new analysis meth
which we call spectral expansion of DCO~SpeeDCO!, is
applicable to 4p spectrometers such as GAMMASPHERE
EUROBALL, where a conventional DCO analysis is n
possible. The use ofgg correlations increases the sensitivi
to determine spins and multipolarities significantly over t
method of gated angular distributions and allows for uniq
measurements even in weakly populated bands. The m
polarity mixing ratios, which we measured in the ‘‘M1
band’’ of 128Ba, are consistent with the picture of a high-K
rotational band.
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