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Observation of an octupolê quasiparticle band in 175Lu using photon scattering experiments
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A nuclear resonance fluorescence~NRF! study was performed on the heavy deformed nucleus175Lu. We
observe the beginning of a rotational band built on the coupling of the unpaired proton to theKp502 octupole
vibration in the neighboring nucleus174Yb. The dipole strength distribution is also discussed in terms of the
scissors mode.@S0556-2813~97!03111-7#

PACS number~s!: 21.10.Re, 23.20.Lv, 25.20.Dc, 27.70.1q
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I. INTRODUCTION

The octupole degree of freedom plays an important role
the low-lying spectrum of heavy nuclei~see, e.g.,@1,2#!. Its
most common manifestation is in the form of dynamic oc
pole vibrations. In deformed nuclei four rotational ban
havingK quantum numbers 0, 1, 2, and 3 are formed built
the octupole vibration. The ordering of these bands depe
strongly on the nucleonic structure of the nucleus in ques
@3#. Over the last few years, a systematic study of the lo
lying Jp512,K50 octupole vibrational band heads in th
mass regionA51302200 around 1.5–2 MeV has been ca
ried out using photon scattering experiments@4,5#. With a
typical E1 excitation strength ofB(E1;01→12).3.5 m
W.u., these states display similar strengths as the t
phonon quadrupole-octupole 12 states observed in spheric
nuclei of the same mass region@6,7#.

Of special interest are structures built on octupole vib
tions in the neighboring odd-mass nuclei. The most pro
nent example are the octupole-particle multiplets in o
mass nuclei near closed shells, e.g.,209Bi @8#. As an example
of a more complicated collective excitation, we mention t
two-phonon-particle (21 ^ 32

^ f 7/2) multiplet in the nucleus
143Nd @9,10# and the two-phonon-particle (32

^ 32
^ f 7/2)

levels in 147Gd @11#. Although the weak coupling picture
employed there is in general no longer valid in a we
deformed nucleus, it is still possible to treat the odd qua
particle as a spectator even in the strong coupling regim
a well-deformed nucleus. Coupling a particle to the octup
vibrations with differentK will result in band structures with
similar properties in odd-even and even-even nuclei. Ho
ever, the octupole-particle configurations in odd deform
nuclei have been experimentally assigned in only a few
vorable cases@2,12–14#. One identifying observable will be
the absolute value of theE1 matrix element connecting th
bandhead of such an octupole-particle band to the gro
state. The nuclear resonance fluorescence~NRF! method
with its high selectivity in spin and excitation strength
ideally suited for such a study. In the present paper
present photon scattering data on aK5K057/2 band in
175Lu and identify it as an octupole vibrational band.
560556-2813/97/56~5!/2484~6!/$10.00
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II. EXPERIMENTAL METHOD

The nuclear resonance fluorescence~NRF! method has
been described in great detail in numerous publications.
a recent review see@5#. Here we describe only the method
to extract theK quantum number and the moment of iner
for a rotational band seen in NRF spectra.

The decay of a member of a rotational band characteri
through its K quantum numberK and spinJi into states
belonging to a different rotational band withK quantum
numberK8 and spinsJf andJf8 is determined by the Alaga
rules@15#. It is then straightforward to use the Alaga rules
get a prediction for the ratio of the excitation strengths fro
the ground state to different states in an excited band as w
Note, that this ratio cannot be obtained as a branching r
but rather that the absolute transition strengths have to
known.

In 175Lu the relevant expressions are

R15
B~p1;@7/2p,7/2#→@9/2g.s.

1 ,7/2# !

B~p1;@7/2p,7/2#→@7/2g.s.
1 ,7/2# !

50.286, ~1!

R25
B~p1;@9/2p,7/2#→@9/2g.s.

1 ,7/2# !

B~p1;@9/2p,7/2#→@7/2g.s.
1 ,7/2# !

52.784, ~2!

R35
B~p1;@7/2g.s.

1 ,7/2#→@9/2p,7/2# !

B~p1;@7/2g.s.
1 ,7/2#→@7/2p,7/2# !

50.2865R1 , ~3!

where we use the notationB(p1;@Ji ,Ki #→@Jf ,K f #). These
ratios are also indicated in Fig. 1.

From a comparison of the experimentally observ
branching ratios withR1 and R2 it is possible to determine
the spin andK quantum number of the excited state, even
a measurement of the angular correlation remains incon
sive. The Alaga rule predictions for other possible hypo
eses forJ andK deviate significantly from the values show
above.

Although sophisticated methods to extract the momen
inertia for a band structure exist, most of them are not ap
2484 © 1997 The American Physical Society
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56 2485OBSERVATION OF AN OCTUPOLÊ QUASIPARTICLE . . .
cable if only two members of the band are observed. In s
a case it is most convenient to employ the simple relat
@8#:

Q5
1

2

J8~J811!2J~J11!

E~J8!2E~J!
. ~4!

Obviously this can only serve as an approximation for
~possibly variable! moment of inertia of the entire band.

III. EXPERIMENTAL RESULTS

To study 175Lu two different experiments have been ca
ried out at the Dynamitron accelerator in Stuttgart. One
periment used an end-point energy of 2.6 MeV to study
low-lying octupole excited bands. The other one was carr
out at a higher end-point energy of 4.1 MeV and was se
tive to the region around 3 MeV. The NRF target in bo
cases consisted of 2277 mg Lu2 O3 of natural composition
~97.4% 175Lu!.

Figure 2 shows the high energy part of the measured N
spectrum between 2.4 and 3.6 MeV. A large number of tr
sitions can be seen. In Fig. 3 we show the low energy p
focusing on the transitions belonging to the proposed o
pole band. The inset compares the spectra from the two

FIG. 1. Partial level scheme of175Lu. The branching ratiosR1

andR2 are indicated. The ratioR3 can only be determined if abso
lute transition strengths are measured.

FIG. 2. A (g,g8) spectrum off175Lu taken at an endpoint en
ergy of 4.1 MeV. The spectra taken under three different ang
have been summed up for this figure. A large number of w
transitions is visible in the high energy part of the spectrum. O
the prominent peaks are labeled.
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periments. Due to the lower background the experimen
the lower end-point energy clearly allows the detection
much weaker transitions in the region around 1.5 MeV th
the experiment at the higher end-point energy@16#.

A summary of the combined experimental results is giv
in Table I. Here the energies, cross sections, and redu
ground-state transition widths are given. The decay transi
strengths in the region above 1.5 MeV are shown in the
part of Fig. 4. Since no parity information is available on t
transitions shown, the left scale gives the strengths inmN

2

appropriate in case ofM1 transitions while the right hand
scale gives the strengths in units of 1023 e2 fm 2 appropriate
for E1 transitions. The bottom part gives a comparison w
the experimental strength distribution for the even neigh
174Yb taken from@17#.

IV. DISCUSSION

A. Electric dipole excitations

The data for the low-lying octupole vibrational band a
summarized in Table II. Here the level energies, transit
energies, spins of initial and final states,K quantum num-
bers, and reduced transition probabilities are given. As w
discussed above, spins andK quantum numbers were as
signed through a comparison of the observed branching
tios with the predictions of the Alaga rules. Unfortunate
no direct parity information is available from the prese
experiment. We shall now summarize the arguments
lead to the interpretation of the hitherto unknown levels
1545 and 1611 keV as the beginning of the octupole b
with an intrinsic octupole-quasiproton structure 02

^ 7/2@4 0 4#.

s
k
y

FIG. 3. The figure shows the region of the octupole-parti
band. Transitions stemming from the same level are connecte
brackets. The inset shows a comparison of the relevant low en
part of the spectra for the two experiments performed at a bre
strahlung end-point energy of 2.6 MeV~bottom! and 4.1 MeV
~top!.
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TABLE I. Energies, branching ratiosRexpt, cross sectionsI s , and reduced ground-state transition widt
gG0 /Eg

3 for transitions in 175Lu @g:5(2J11)/(2J011)#. Transitions marked witha are taken from the
experiment at 2.6 MeV end-point energy while transitions markedb are taken from the experiment a
4.1 MeV end-point energy. The marka,b indicates a weighted mean value from both experiments is giv
Rexpt. is the ratio of the reduced transition widths to the first rotational state at 113.8 keV and the ground
respectively.

Eg Rexpt I s gG0 /Eg
3 Eg Rexpt I s gG0 /Eg

3

~keV! ~eV b! @meV/MeV3# ~keV! ~eV b! ~meV/MeV3!

1545a,b 0.276~40! 19.2~8! 4.0 ~2! 2713b – 4.0~9! 0.38~9!

1588a,b – 3.2~4! 0.53~6! 2742b – 11.8~8! 1.12~8!

1611a 2.8 ~6! 2.1 ~4! 1.09~25! 2760b – 6.0~9! 0.56~8!

1689a – 1.9~3! 0.29~5! 2833b – 7.2~7! 0.66~7!

1693a – 1.9~3! 0.29~5! 2865b – 4.5~7! 0.41~7!

1715a – 1.4~3! 0.21~5! 2890b – 4.9~8! 0.44~7!

1725a – 1.1~3! 0.17~5! 2897b – 3.1~7! 0.28~6!

1816a – 1.0~3! 0.15~5! 2843b – 6.1~8! 0.54~7!

1827a – 1.9~3! 0.28~5! 2952b – 3.7~7! 0.32~6!

1874a,b – 5.0~4! 0.69~5! 2998b – 4.7~12! 0.40~10!

1931a – 1.0~3! 0.14~3! 3002b – 6.5~13! 0.56~11!

1945a 0.33~13! 3.0 ~3! 0.51~7! 3011b – 8.5~20! 0.74~17!

1949a,b – 6.3~4! 0.84~5! 3022b – 2.1~9! 0.18~8!

1992a – 2.1~3! 0.28~4! 3029b – 3.0~10! 0.26~9!

2012a 0.69~23! 1.8 ~3! 0.36~7! 3066b – 4.9~10! 0.41~8!

2089a,b – 3.4~3! 0.42~4! 3172b – 3.6~8! 0.29~7!

2123a,b – 2.3~3! 0.28~4! 3238b – 3.6~7! 0.29~6!

2286a 0.51~9! 5.0 ~4! 0.81~̇8! 3243b – 4.5~7! 0.36~6!

2297a – 2.2~3! 0.25~4! 3267b – 6.9~11! 0.55~8!

2320a – 2.5~4! 0.28~4! 3286b – 5.3~8! 0.42~6!

2335a,b – 9.9~5! 1.10~6! 3293b – 4.4~8! 0.34~6!

2379a 0.37~10! 4.7 ~4! 0.79~8! 3300b – 4.0~8! 0.31~6!

2386a – 0.9~3! 0.10~3! 3329b – 8.8~10! 0.69~7!

2394a – 0.9~3! 0.10~3! 3333b – 10.5~10! 0.82~8!

2410a,b – 7.2~4! 0.78~6! 3343b – 5.9~10! 0.46~7!

2419a,b – 6.1~4! 0.66~5! 3347b – 6.0~10! 0.47~7!

2442a 1.18~27! 2.4 ~4! 0.52~10! 3398b – 5.0~8! 0.38~6!

2497a – 3.1~5! 0.32~5! 3404b – 1.9~6! 0.15~5!

2548a – 2.5~4! 0.26~4! 3524b – 7.2~12! 0.53~9!

2707b – 20.7~11! 2.0 ~1!
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As can be seen from Table II, the branching ratios fro
these levels into the members of the ground-state band a
excellent agreement with the predictions of the Alaga ru
for the J57/2 andJ59/2 members of aK57/2 band estab-
lishing the spins and K quantum numbers for both leve
The ratioR3

expt50.275(65) of the excitation strengths is al
in excellent agreement with the predicted value ofR3

Alaga

50.286.
Further support for the assignment of a negative pa

comes from the semiempirical rule of thumb valid in t
neighboring even-even nuclei@22#, that transitions withDK
50 haveE1 character. This rule of thumb should be valid
an odd nucleus as well, if the odd nucleon takes a pure s
tator role in the transition. It is in this sense, that we assig
negative parity in the following.

It is also possible to compare the absolute transit
strengths between the levels at 1545 and 1611 keV into
ground-state band. The transitions between states with
same spin (7/2(2)→7/21 and 9/2(2)→9/21) shown in Table
in
s

.

y

c-
a

n
he
he

II agree within a factor of 2 with the transition strength foun
in the even neighbor nucleus174Yb @17#:

B~E1;@12,0#→@01,0# !174Yb54.9~1.1!31023 e2 fm2.
~5!

If the transition is considered to proceed through the coll
tive core via the destruction of the octupole phonon o
while the odd proton takes the role of a spectator, theB(E1)
values for the decay of the octupole bandhead to the gro
state should be roughly equal in Lu and Yb.

We shall now compare the moments of inertia for t
octupole band in175Lu and 174Yb. The ground-state bands o
175Lu and 174Yb have nearly identical moments of inertia1

1These values will change slightly, if the entire band is prope
analyzed, but will remain similar. Here only the first two leve
were taken into account.
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QLu
g.s.539.2\2 MeV 21 andQYb

g.s.539.5\2 MeV 21. It is in-
teresting to note that this similarity holds true for the oc
pole bands as well:QLu

oct568.2\2 MeV 21 and QYb
oct566.7

\2 MeV 21. However, as only two levels were observed, w
note that these moments of inertia do not contradict the p
posed interpretation as an octupole-particle band in175Lu but
we will not base any further conclusions on this.

Considering these arguments, we conclude that we h
indeed observed and identified the beginning of the2

^ 7/2@4 0 4# octupole vibrational band in175Lu.
The odd proton takes a spectator role during the excita

of the Kp502 octupole vibration in the core nucleus. W
point out that the assignment of the structure relies hea
on the knowledge of the absolute transition strengths. T
might explain why such assignments in the literature
sparse. In the cases where an assignment was made, it
ally relies on the comparison with elaborate model calcu
tions. For example, in155Sm the~tentative! assignment 02

^ 3/2@521# was made@2#, because a QPNM calculation b
Solovievet al. predicts a small amplitude of this state at th

FIG. 4. Comparison of the dipole strength distributions in175Lu
~top! and 174Yb ~bottom!. Since no parity information is available
the left and right scales give the reduced transition probability
E1 andM1 transitions to the ground state, respectively. In174Yb
full bars correspond to transitions withDK50, open bars to tran-
sitions withDK51.
-

o-

ve

n

ly
is
e
su-
-

t

energy@18#. To our knowledge, the present paper prese
the first assignment of a 02

^ particle structure in a heavy
odd-mass nucleus outside the actinides which was mad
experimental information alone. It is highly desirable to al
measure the parities of the states in question~1545 and
1611 keV! as well as the continuation of the band to high
spins. However, both these experiments are outside the s
of a NRF study.

B. Magnetic dipole excitations

We shall now also discuss the observed strength distr
tion in 175Lu at higher excitation energies. The scissors mo
is a well-established phenomenon in deformed nuclei. Si
its discovery in electron scattering experiments by Rich
and co-workers@19#, the bulk of the experimental data ha
been collected using nuclear resonance fluorescence~NRF!
experiments~see@5# and references therein!. The systematics
of the scissors mode in even nuclei is well understo
@20,22# and has recently been extended to includeg-soft nu-
clei @23,24#. Studies of odd-mass nuclei in the same ma
region also provide a large amount of systematical data.
ter the first experiment on163Dy @25# a rich variety of dis-
tinctly different dipole distributions has emerged. Today d
are available on the odd-neutron nuclei161,163Dy, 155,157Gd
@26#, 167Er @27#, and on the odd-proton nuclei159Tb @28#,
165Ho and 169Tm @29#. With this study of175Lu we present
experimental data in the upper half of theN5822126,
Z550282 major shell.

The most puzzling features of the spectra of the odd-m
nuclei are the extreme fragmentation of the observed dip
strength into as many as 90 transitions in157Gd @26# and the
reduction of the observed strength of the scissors mode
more than a factor of 2 in most cases. It has been sugge
that the missing strength could be shifted to higher energ
@27#, i.e., energies above 4 MeV which are not accessible
NRF experiments performed in Stuttgart, or that it might
distributed over a large number of unresolved weak tran
tions contributing a continuum to the background@30#.

The problem of identifying the parities of the transition
is present in all NRF experiments on odd-mass nuclei. Si
the angular correlation functions, which are essential for
measurement of parities using Compton polarimeters
nearly isotropic, the statistics obtained in a two week N
beamtime is several orders of magnitude too low. The al
native to measuring the parities is usually the compari
with other experiments. However, the huge level density

r

een the
eses are
e made
TABLE II. Level energies, transition energies, spins of initial and final states,K quantum numbers,
reduced transition probabilities, and experimental and theoretical branching ratios for transitions betw
octupole-particle band and the ground-state band are given. The negative parities given in parenth
assigned through the interpretation as an octupole band. No experimental parity assignment could b
for these states.

Ex Eg Ji ,Ki Jf ,K f B(E1;@Ji ,Ki #→@Jf ,K f #) Rexpt Rtheor

~keV! ~keV! (1023e2 fm2!

1545 1545 7/2(2), 7/2 7/21, 7/2 3.77~19! 0.276~40! 0.286
1431 7/2(2), 7/2 9/21, 7/2 1.04~16!

1611 1611 9/2(2), 7/2 7/21, 7/2 0.83~19! 2.8~6! 2.784
1498 9/2(2), 7/2 9/21, 7/2 2.35~73!
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2488 56R.-D. HERZBERGet al.
odd deformed nuclei around 3 MeV renders comparison w
other, nonselective experiments virtually impossible. The
fore other methods to extract the summedM1 strength at-
tributable to the scissors mode in an odd-mass nucleus
to be found. We give two different values for the summ
M1 strengths using the following criteria.

~a! All observed dipole transitions are consideredM1.
While this is obviously an oversimplification, it serves
produce a reliable upper limit for the totalM1 strength vis-
ible in discrete lines in the nucleus.

~b! The neighboring even-even nuclei are used to estim
the ratio of theM1 strength to the total dipole strength. T
do this, we employ the fact that theB(E1) andB(M1) are
directly proportional to the reduced transition widthG0

red.
We therefore define the quantityh:5(G0 M1

red /((G0 E1
red

1(G0 M1
red ) and use it to extract the summedB(M1) value in

the odd-mass nucleus in question.
If the influence of the odd Nilsson nucleon does not p

larize the core too much, as is the case for the previou
discussed octupole vibration, this should give a much m
reliable value. For174Yb, the even-even neighbor of175Lu,
the only parity information available stems from an (e,e8)
experiment @21# where M1 excitations were observed a
3.350 MeV and 3.555 MeV, the latter of which is resolved
NRF experiments into two levels at 3.527 and 3.562 Me
For the remaining lines we use the semiempirical rule
thumb that transitions withDK50 haveE1 character while
transitions withDK51 haveM1 character in even nucle
@22#. This leads to a ratioh.0.6 for 174Yb which in turn is
applied to the total dipole strength in175Lu as well. It should
be noted that this rule of thumb is well fulfilled for the thre
states for which parity information is available through
(e,e8) experiment.

It has been suggested that the scissors mode streng
summed in the energy region between 2.4 and 3.7 MeV
even nuclei@22#. However, an inspection of Fig. 4 show
that the much larger fragmentation present in odd-mass
clei renders this interval too small. We therefore include
observed dipole transitions above 1.8 MeV in the sum. E
d

.
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mating the error ofh to roughly 15% we find the following
values:

(
E.1.8 MeV

B~M1!↑5H 2.18~5!mN
2 , a)h51.0,

1.3~2!mN
2 , b)h50.6~1!. ~6!

Clearly without the assignment of spins and parities to
observed levels, no further conclusions about their origin
be drawn. At the same time a significant part of the expec
dipole strength may be distributed over a large number
extremely weak excitations effectively lying in the bac
ground. Fluctuation analysis methods with the goal to id
tify this missing strength in the background have been
plied to several nuclei@30#, but are beyond the scope of th
paper.

V. CONCLUSION

To summarize, we have performed a NRF experiment
the deformed odd rare earth nucleus175Lu. Through the ob-
served branching ratios and absolute transition strengths
were able to identify an octupole-particle vibrational ba
around 1.5 MeV with the structure 02

^ 7/2@404# in this
nucleus having almost the same moment of inertia as
correspondingK50 octupole vibrational band in174Yb. Fur-
ther studies aiming at the identification of similar octupo
particle structures in other odd rare earth nuclei are un
way. The observed dipole transition strength located betw
2 and 4 MeV has been discussed in terms of the scis
mode.
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