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Dipole excitations in 108Cd
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A high-resolution nuclear resonance fluorescence experiment with bremsstrahlung of continuous energy has
been performed on108Cd, the rarest of the stable Cd isotopes. Accurate lifetimes of dipole excitations in the
energy range of 2.6–3.9 MeV have been deduced. A magnetic dipole excitation at 3454 keV shows a decay
pattern meeting the expectations for the 1ms

1 state in a nucleus located on the transitional path between
vibrational U~5! andg-soft O~6! dynamical symmetry in the framework of the interacting boson model 2. We
extended the systematics of quadrupole-octupole coupled electric dipole excitations 12 in the chain of even-
mass Cd isotopes at its neutron deficient end.

DOI: 10.1103/PhysRevC.67.034304 PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j
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I. INTRODUCTION

Low-lying dipole excitations in even-even nuclei ha
been extensively studied during the past decades. In
formed nuclei, the existence of collective 11 magnetic di-
pole excitations has been predicted within the geometr
two-rotor model @1# as well as in the algebraic proton
neutron interacting boson model~IBM-2! @2#. The first ob-
servation of the so-called ‘‘scissors mode’’ in 1984@3#
prompted numerous successful electron and photon sca
ing experiments covering a wide range of mass@4–8#. The
M1 excitation strength is usually distributed among seve
11 states forming the fragments of the scissors mode. Le
known about the scissors-mode analog in purely vibratio
nuclei. Lacking deformation prevents the ground state de
of this excitation and makes the state inaccessible to
method of resonant photon scattering. The heavier even-m
Cd isotopes are generally assessed as good examples fo
spherical vibrators close to the dynamical U~5! symmetry
@9#. In a prior paper@10#, we pointed out that in the termi
nology of the IBM-2, 108Cd is located on a transitional pat
between vibrational U~5! andg-soft O~6! structure; and the
question arises whether the deformation is already enhan
so that the 1ms

1 state can be observed in this nucleus with
method of resonant photon scattering.

Low-lying electric dipole excitations have been known
near spherical nuclei for a long time~see Ref.@11#, and ref-
erences within!. The lowest-lying 12 state is interpreted a
the dipole member of the quadrupole-octupole coupled (1

1

^ 31
2)(J2), J51,2,3,4,5 multiplet of negative parity. In

simple harmonic coupling scheme, this quintuplet is e
pected at the sum energy of the constituents:E(J2)
5E(21

1)1E(31
2). The 12 state of this multiplet is well in-

vestigated in the heavier Cd isotopes1102116Cd @11,12#. One
aim of our experiment is the determination of the absol
B(E1;12→01

1) transition strength in108Cd to extend the

*Present address: NSCL, Michigan State University, East L
sing, MI 48824.
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existing systematics at the neutron deficient end of the
topic chain. In a prior paper@13#, we assigned the complet
quadrupole-octupole coupled multiplet of negative parity
108Cd based on excitation energy and decay branching ra
but lifetime information was unavailable. The expect
strongE1 transition to the ground state makes the nucl
resonance fluorescence~NRF! technique applicable. Never
theless, from a technical point of view, scattering expe
ments on108Cd represent a challenging task due to the l
natural abundance of 0.89% only, which results in the limi
availability of highly enriched target material.

II. EXPERIMENT

The method of resonant photon scattering is known
well suited to populate states withJ51 which are connected
to the ground state by sufficiently large transition matrix
ements@6#. In this report, this experimental probe is sp
selective as well as strength selective, and the met
of choice for the investigation of collective 12 and 11

excitations.
A photon scattering experiment on108Cd was performed

at the bremsstrahlung facility of the Dynamitron accelera
in Stuttgart@6#. The target consisted of 1.006 g metallic C
with an enrichment of 63.9% in108Cd. 0.753 g27Al were
added for photon flux calibration purposes. The experim
took about 100 hours with an endpoint energy of the brem
strahlung spectrum of 4.1 MeV. Figures 1 and 2 show pa
of the photon scattering spectrum of108Cd observed with a
Compton-shielded HPGe detector positioned at a scatte
angle of 127°. Transitions from108Cd are labeled with their
energy. Sharp peak structures appear on the smooth b
ground, resulting from the decays of the resonantly exci
states of108Cd. For some states, it was possible to obse
the decay to the ground state as well as the transitions to
21

1 state. The measured decay intensities yield the r
G1 /G0 of the partial width for the decays to the 21

1 and the
ground state, respectively. The observation of decays
higher-lying states than the 21

1 is usually prevented by the
rapidly increasing nonresonant background towards lo
energies. The other peaks could be assigned to27Al, back-
-
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ground, single escape, and contaminations from well-kno
~mainly even-mass! Cd isotopes in the moderately enriche
target material.

The experimental setup provided the possibility to det
mine spin values with the method of angular correlatio
Three HPGe detectors~relative efficiency 100%! were posi-
tioned at 90°, 127°~BGO shielded!, and 150° relative to the
beam axis. The intensity ratioW(90°)/W(127°) offers an
excellent tool to distinguish between spinsJ52 and J51
~Fig. 3!.

Absolute, energy-integrated, elastic scattering cross
tions I s,0 of resonantly excited states in108Cd were obtained
relative to the well-known cross sections of several state
the NRF calibration standard27Al @14#. From these cross
sections and the decay branching ratiosG f /G0 to all final

FIG. 1. Low-energy part of the NRF spectrum. Three dipo
excitations~2678, 3006, and 3048 keV! of 108Cd as well as two
transitions~2373, 2660 keV! from inelastic scattering to the 21

1

state are labeled. The 3006 keV peak forms a doublet with a p
from the 27Al calibration. Other peaks result from background~BG!
or known even-mass1102114Cd target contaminations.

FIG. 2. High-energy part of the photon scattering spectru
Peaks from108Cd are labeled. The other peaks are known and s
from contaminations of the moderately enriched target, from27Al,
background or single escapes.
03430
n
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statesf, the partial decay widthG0 of the level for the tran-
sition back to the ground state can be deduced:

G05
2J011

2J11

1

~p\c!2 S 11(
f .0

G f

G0
DER

2 I s,0 . ~1!

The total decay width is then given by

G5G0S 11(
f .0

G f

G0
D , ~2!

and provides the level lifetime model independently

t5
\

G
. ~3!

In NRF experiments employing bremsstrahlungg transi-
tions with low energy tend to disappear in the high nonre
nant photon scattering background. Most likely, the tran
tion to the 21

1 state can be observed, in some cases, also
decay to the 22

1 excitation is accessible, depending on t
transition energy and the branching. The accessible bra
ing @11(G1 /G0)#,@11( f .0G f /G0# may lead to an over-
estimation of the lifetime and hence to the determination
an upper limit only. In the case of108Cd, the decay pattern
of most of the dipole excitations were observed in ourg-g
coincidence studies following theb1 decay of the excited
21 isomer of 108In @15#. Therefore, extensive information o
the decay properties including accurate intensity ratios
multipole mixing ratios already exists. All this information
usually inaccessible in NRF experiments with bremsstr
lung. So we were able to derive the level lifetimest by
combining results of the NRF measurement with data fr
the g-g coincidence studies mentioned above.

We observed eight dipole excitations between 2.6 and
MeV in the present photon scattering experiment. Aside fr
the 3667 keV excitation, all states were also observed in R
@15#. The measured integrated elastic scattering cross
tions I s,0 and lifetimest are given in Tables I and II, togethe
with branching ratios, multipole mixing ratios@15#, and the
deduced absolute transition strengths. Figure 4 displays

ak

.
m

FIG. 3. Angular correlations in NRF. Compared are the intens
ratios W(90°)/W(127°) for the Jp→01

1 transitions. Dipole and
quadrupole transitions can be distinguished. The data point at 1
keV stems from the ground state decay of the 22

1 .
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TABLE I. Decay properties of 11 states in108Cd. We list the newly established lifetimest, transition energiesEg , multipole mixing
ratios d @15#, branching ratiosR @15#, and deducedB(M1) as well asB(E2) decay strengths. The error of the branching is 20% un
particular values are given. Multipolarities marked with an asterisk are only assumed to be of pureE2 character, the determination of th
correspondingE2/M1 mixing ratio failed.

Ei I s,0 t Jp Eg d Jf
p R B(M1)↓ B(E2)↓

~keV! ~eV b! ~fs! (\) ~keV! (\) (%) (mN
2 ) (e2 fm4)

3048.5 8.4~5! 30~2! 11 1446.6 0.169~34! 22
1 19~3! 0.06~1! 13~2!

2415.6 0.319~15! 21
1 62~5! 0.042~4! 11~1!

3048.5 M1 01
1 100~8! 0.037~4!

3454.1 6.5~5! 33~3! 11 1079.5 M1 04
1 7~5! 0.06~4!

1291.3 E2* 23
1 7 282~48!

1540.7 M1 03
1 3.3 0.009~2!

1733.6 M1 02
1 4.4 0.008~2!

1852.3 0.005~20! 22
1 30~9! 0.05~1! 0.005~2!

2821.1 >11.7 21
1 8 7~2!

3454.1 M1 01
1 100~12! 0.024~4!

3814.6 10.7~9! 21~2! 11 1194.6 E2* 26
1 0.7 75~7!

1651.7 E2* 23
1 1.6 34~3!

1901.1 M1 03
1 4.4 0.012~1!

2093.9 M1 02
1 2.8 0.0055~5!

3181.8 0.107~17! 21
1 40 0.022~2! 0.36~3!

3814.6 M1 01
1 100 0.033~3!

3827.9 2.8~5! 3727
19 11 1207.8 E2* 26

1 1 39~21!

1453.2 M1 04
1 1 0.011~4!

1461.9 E2* 24
1 4 60~20!

1665.1 E2* 23
1 4 31~11!

1914.5 M1 03
1 18 0.018~5!

2107.3 M1 02
1 1.5 0.0011~4!

2226.2 -0.060~17! 22
1 72 0.04~1! 0.5~1!

3194.9 E2* 21
1 7 2.1~8!

3827.9 M1 01
1 100 0.012~3!
ob

en
ga

le

lti-

ore

of
ulti-
ex-
ground state decay strengths of all dipole excitations
served in NRF.E1 and M1 scales are given. Due to low
coincidence statistics caused by the lack of sufficiently
riched target material, it was not possible to use the Stutt
Compton polarimeter for determination of parities.

III. MAGNETIC DIPOLE EXCITATIONS

In Table I, the important decay properties of the dipo
excitations with assured positive parity are listed. Decays
03430
-

-
rt

to

higher-lying excited states as well as all intensity and mu
pole mixing ratios were observed ing-g spectroscopy fol-
lowing theb1 decay of a 21 isomer of 108In @10,13,15#. We
stress that for the states at 3454, 3815, and 3828 keV, m
~weak! transitions could be established@15#, but these decays
are not of interest for the present discussion due to lack
knowledge about the spins of the final states and the m
polarities involved. The complete decay pattern of these
citations is presented in Ref.@15#, but the very important
n of
und
.

TABLE II. Decay properties of the (21
1

^ 32)(12) excitation and of states with unknown parity. Due to weak or vanishing populatio
these states in theb1 decay of the 21 isomer of 108In negative parity is more likely but a final proof failed. For the decays to the gro
state, we give theB(sp) strengths for pureE1 andM1 radiation, for the transitions to the 21

1 state also pureE2 character is considered

Ei I s,0 t Jp Eg d Jf
p B(E1)↓ B(M1)↓ B(E2)↓

~keV! ~eV b! ~fs! (\) ~keV! (\) (1023e2 fm2) (mN
2 ) (e2 fm4)

2678.0 26.9~9! 39.3~14! 12 2678.0 E1 01
1 0.83~3!

3005.6 31.1~12! 18.7~8! 1 3005.6 01
1 0.85~9! 0.077~8!

2372.6 0.060~48!a 21
1 0.78~5! 0.070~4! 0.65~5!

3292.8 13.8~6! 24~1! 1 3292.8 01
1 0.51~2! 0.046~2!

2659.8 21
1 0.43~5! 0.039~5! 80~12!

3667.0 30.3~13! 18.6~8! 1 3667.0 01
1 0.69~3! 0.06~2!

aFrom Ref.@15#.
4-3
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lifetime information was absent and is provided by t
present NRF experiment for the first time.

The mixed-symmetry 1ms
1 state can be understood as t

dipole member of the (21
1

^ 2ms
1 )(J1) coupled multiplet. The

21
1 and 2ms

1 states are manifestations of the fundamen
quadrupole degrees of freedom. The first collective 21 state
in even-even nuclei represents the isoscalar quadrupole
tation in the valence shell with the isovector 2ms

1 state as the
proton-neutron antisymmetric counterpart. The 2ms

1 state has
been identified in nuclei of different mass regions:A'100
@16–19#, A'130@20–24#, andA'140@25–27# and recently
also in 108Cd @10,15#. In a harmonic coupling scheme, th
1ms

1 state is expected at the sum energy of the constitu
E(1ms

1 )5E(21
1)1E(2ms

1 ). In measurements on94Mo, the
underlying two-phonon character of the 1ms

1 state was proved
@17#. The 2ms

1 excitation in 108Cd was found to be frag
mented into three 21 states at 2163, 2366, and 2620 ke
with the latter state as the strongest fragment@15#. The high
degree of fragmentation for the 2ms

1 state already implies a
comparable situation for the coupled 1ms

1 excitation and
complicates its identification in108Cd.

As pointed out in Ref.@15#, the state at 3454 keV shows
decay pattern meeting the expectations for a 1ms

1 state in a
transitional nucleus between the vibrationalU(5) and the
g-soft O(6) dynamical symmetry. The signatures are
weakly collectiveE2 decay to the 21

1 state, a strongM1
transition to the 22

1 state, a collectiveE2 transition to the
mixed-symmetry 2ms

1 state and, depending on the underlyi
dynamical symmetry, anM1 transition to the ground stat
~Fig. 5!. This ground state decay is a tool to estimate
position of 108Cd on the mentioned transitional path betwe
spherical andg-soft deformation. In the IBM-2, the groun
state in the U~5! limit is the d-boson vacuum, while the O~6!
ground state has a nonvanishing expectation value^nd& for
the number ofd bosons@28#. The usual one-bodyT(M1)
operator cannot mediate a transition from the 1ms

1 state to the
d-boson vacuum, thereforeB(M1;1ms

1 →01
1)50 holds in the

pure U~5! limit. Increasing deviation from the pure U~5!
limit towards O~6! symmetry leads to a sizableB(M1;1ms

1

→01
1) transition strength. The most basic Hamiltonian b

tween these symmetry limits is given by

H5end2k~Qp
x501Qn

x50!21lMpn , ~4!

FIG. 4. Absolute deexcitation strengths in108Cd. B(M1)↓ as
well asB(E1)↓ scales are given.
03430
l
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with the d-boson number operatornd and theF-spin sym-
metric quadrupole-quadrupole interaction. The Majorana
teractionMpn @29# can be neglected for the present discu
sion, because it only affects the position of the mixe
symmetry states and leaves the wave functions unchan
Pure U~5! symmetry is reached withk50, while e50 is
required for a description of the pure O~6! limit. In the vi-
cinity of pure symmetry limits, theB(M1) strengths are
given analytically as a function of the proton and neutr
boson numbersNp and Nn @30#. Using the simple Hamil-
tonian ~4! the B(M1) values scale withe/k along the tran-
sitional path between the dynamical symmetries U~5! and
O~6!. In Fig. 6 we show the evolution of absoluteM1 tran-
sition strength as a function ofe/k. 0<e/k<` covers the
transition between the symmetry limits. The decay stren
to the ground state clearly undergoes a rapid change, w
the M1 strength to the 22

1 remains rather constant. Thes
calculations for a nucleus withNp51 andNn55 were per-
formed with the IBM-2 codeNPBOS @31#.

The experimental ratio

B~M1;13454
1 →22

1!

B~M1;13454
1 →01

1!
52.1~5! ~5!

can be reproduced within the IBM-2 usinge/k52 in Hamil-
tonian ~4!. Now it will be interesting to investigate if this

FIG. 5. Decay properties of the 1ms
1 candidate at 3454 keV@15#

~see Table I!. This state shows the expectedM1 and E2 decay
pattern characteristic for a ‘‘scissors-mode-like’’ state between
dynamical O~6! and U~5! symmetry in the framework of the IBM-2
The decay to the ground state of the intruder band suggests
negligible quasiparticle contributions in the wave function.
4-4
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choice of parameters predicts other properties of low-ly
collective states in108Cd. In Fig. 7, we compare the low
lying experimental excitation spectrum of108Cd to calcula-
tions performed fore/k52, as well as fore/k514.46. The
assumptione/k52 reproduces theB(M1) ratio given in Eq.
~5! but overpredicts the energy of the multiphonon 01 state.
In fact, the calculated excited 01 state already belongs to th
three-phonon multiplet, while in the experiment, this st
lies between the two- and three-phonon multiplets. Ob
ously, e/k52 is too close to the pure O~6! description.e/k

FIG. 6. The evolution ofB(M1;1ms
1 →22

1) and B(M1;1ms
1

→01
1) absolute transition strengths as function ofe/k for a nucleus

with Np51 andNn55. 0<e/k<` covers the transition betwee
the dynamical O~6! and U~5! limits of the IBM-2.
03430
g

e
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514.46 reproduces the yrast band and the position of
excited 01 state nicely and underlines the transitional ch
acter of 108Cd; but this choice of parameters predicts t
B(M1) ratio ~5! to be 5.53, inconsistent with the experime
tal observation for the 11 state at 3454 keV given above.

This paradoxical situation may be explained by quasip
ticle admixtures. The level at 3454 keV decays to the
truder 01 as well as to the intruder 21 state implying qua-
siparticle contributions also in the wave function of this 11

state. In108Cd, the characteristic proton intruder band bas
on the 02

1 state was established recently and is discusse
an earlier paper@10#. These admixtures are outside the mod
and may disturb the decay pattern predicted within the c
lective IBM–2. We stress that the absoluteM1 transition
strengths of the 11 state at 3454 keV are too weak by at lea
a factor of 4, suggesting that the fragmentation of the 1ms

1

state may be strong in108Cd.

IV. ELECTRIC DIPOLE EXCITATIONS

Multiphonon excitations in even-even nuclei have be
investigated extensively during the last decade~see Refs.
@5,11#, and references within!. There is extensive knowledg
about the coupling of isoscalar quadrupole phonons@32,33#
which successfully serves to describe low-lying collecti
states with positive parity. The study of the coupling of va
ous collective excitations is of great interest in nuclear str
ture physics. The crucial question is to what extent the f
damental building blocks of collective excitations can
combined. A particularly interesting problem is the coupli
of the
FIG. 7. Experimental low-lying spectrum in108Cd compared to IBM-2 calculations (Np51 andNn55) usinge/k514.46 ande/k
52. In the first case, the experimental energies are nicely reproduced and especially the position of the phonon 01 state is in good
agreement. Please keep in mind that the 02

1 state observed in the experiment is the intruder band head and lies beyond the description
IBM-2. The assumptione/k52 chosen to reproduce the ratioB(M1;1ms

1 →22
1)/B(M1;1ms

1 →01
1) predicts the phonon 01 state to belong to

the three-phonon multiplet at the energy of the 61
1 state.
4-5
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of the lowest quadrupole and octupole modes resulting in

(21
1

^ 31
2)(J2), J51,2,3,4,5 quintuplet of states.

Experimental information is mostly confined to the 12

member of this quintuplet. The reason is that these states
easily accessible to the resonant photon scattering techn
@6#. The heavier Cd isotopes withA5110–116 have been
subject of intensive NRF studies@11,12#. In a prior paper, we
proposed the complete quadrupole-octupole coupled mu
let of negative parity in108Cd based on excitation energie
decay properties, and a comparison to112Cd @13#. Our aim of
the present experiment was the determination of the abso
B(E1;12→01

1) transition strength and the extension of t
existing systematics on electric dipole excitations in
chain of even-mass Cd isotopes at its neutron deficient
The suggested dipole member of the (21

1
^ 31

2)(J2) multiplet
lies with 2678 keV about 5.5% below the sum energy of
21

1 state~633 keV! and the first 32 level ~2202 keV! @34#.
In Table II, the decay properties of all states with negat

and unknown parity are listed. For the three states with
clear parity assignment, we give absoluteE1, M1, andE2

FIG. 8. Systematics of the (21
1

^ 31
2) coupled 12 states in

1082116Cd. The anharmonicity as well as the decay strength see
increase towards the neutron deficient end, and the question ari
these tendencies are systematic. Further clarification can be
tained by an investigation of106Cd. The data for1102116Cd stem
from Ref. @11#.
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transition strengths assuming pure multipolarities, resp
tively. In Fig. 8, we present the systematics of (21

1

^31
2)(J2) dipole excitations in1082116Cd @11#. 108Cd per-

fectly fits into the existing systematics of 12 states with in-
creasing decay strength and an anharmonicity that seem
rise towards the neutron deficient end. However, the inve
gation of the neighboring106Cd would clearly help to under
stand if these observations are solid tendencies and c
contribute to the ongoing discussion on the evolution of
harmonicity for quadrupole-octupole coupled states@35#.

To further prove the quadrupole-octupole two-phon
character of the 12 states discussed above, we investigate
empirically expected proportionality of the excitatio
strength and the product of the square of the quadrupole
octupole deformation parametersb2 and b3 : B(E1)
}b2

2b3
2. In Fig. 9, B(E1↑)/D2 with D55.376

31024AZb2b3 e fm @35–37# is given for the even-even
1082114Cd isotopes. The deformation parametersb2 and b3
are taken from Refs.@38,39# respectively, and the experimen
tal B(E1) excitation strengths for1102114Cd stem from Ref.
@11#. The data points are scattered around the weighted m
of 0.29 and nicely underline the vibrational character as w
as the two-phonon origin of these low-lying 12 states.

V. CONCLUSION

Electric and magnetic dipole excitations in108Cd were
investigated in a nuclear resonance fluorescence mea
ment at the Stuttgart dynamitron accelerator using conti
ous bremsstrahlung with an end point energy of 4.1 MeV.
were able to determine lifetimes of eight dipole excitatio
for the first time. The 11 state at 3454 keV shows qualita
tively a decay pattern meeting the expectations of
‘‘scissors-mode-like’’ 1ms

1 excitation in a nucleus located o
a transitional path between vibrational U~5! andg-soft O~6!

to
s if
b-

FIG. 9. Proportionality of theB(E1;01→12) excitation
strength and the squared quadrupole and octupole deformation
rameters within the chain of even-mass Cd isotopes.
4-6
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dynamical symmetry. The transitional character reflected
the decay properties of this 1ms

1 candidate and the low-lying
excitation spectrum were compared to IBM-2 calculatio
between the U~5! and O~6! dynamical limits. We found a
contradictory situation, which may be explained by quasip
ticle admixtures in the wave function of the 1ms

1 candidate,
affecting the decay pattern predicted within the purely c
lective IBM-2.

The lifetime of the quadrupole-octupole coupled 12 state
at 2678 keV was determined for the first time in108Cd
and the deduced absoluteE1 decay strength as well a
the excitation energy perfectly fits into the existin
-D
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systematics of the (21
1

^ 31
2)(12) states in the chain of stabl

even-mass Cd isotopes.

ACKNOWLEDGMENTS

We thank Professor R. F. Casten, Professor A. Gelb
Professor I. Wiedenho¨ver, Dr. N. Pietralla, Dr. S. Kasemann
Dr. A. Fitzler, and K. Jessen for valuable discussions. T
authors from Ko¨ln thank the Institut fu¨r Strahlenphysik of
the University Stuttgart for its kind hospitality during th
NRF run. This work was partly supported by the Deutsc
Forschungsgemeinschaft under Contract Nos. Br799/1
and Kn154/30.
.
an,

nd

a-

D.
T.

,

T.
ys.

ys.

5

T.

n

,

@1# N. Lo Iudice and F. Palumbo, Phys. Rev. Lett.41, 1532
~1978!; Nucl. Phys.A326, 193 ~1979!.

@2# T. Otsuka, A. Arima, and F. Iachello, Nucl. Phys.A309, 1
~1978!.

@3# D. Bohle, A. Richter, W. Steffen, A.E.L. Dieperink, N. Lo
Iudice, F. Palumbo, and O. Scholten, Phys. Lett.137B, 27
~1984!.

@4# A. Richter, Nucl. Phys.A522, 139c ~1991!, and references
within.

@5# C. Fransen, O. Beck, P. von Brentano, T. Eckert, R.
Herzberg, U. Kneissl, H. Maser, A. Nord, N. Pietralla, H.H
Pitz, and A. Zilges, Phys. Rev. C57, 129 ~1998!.

@6# U. Kneissl, H.H. Pitz, and A. Zilges, Prog. Part. Nucl. Phy
37, 349 ~1996!.

@7# J. Enders, N. Huxel, P. von Neumann-Cosel, and A. Rich
Phys. Rev. Lett.79, 2010~1997!.

@8# J. Enders, H. Kaiser, P. von Neumann-Cosel, C. Ran
charyulu, and A. Richter, Phys. Rev. C59, R1851~1999!.

@9# A. Aprahamian, D.S. Brenner, R.F. Casten, R.L. Gill, and
Piotrowski, Phys. Rev. Lett.59, 535 ~1987!.

@10# A. Gade, J. Jolie, and P. von Brentano, Phys. Rev. C65,
041305~R! ~2002!.

@11# W. Andrejtscheff, C. Kohstall, P. von Brentano, C. Fransen,
Kneissl, N. Pietralla, and H.H. Pitz, Phys. Lett. B506, 239
~2001!.

@12# H. Lehmann, A. Nord, A.E. de Almeida Pinto, O. Beck,
Besserer, P. von Brentano, S. Drissi, T. Eckert, R.-D. Herzb
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