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Dipole excitations in the transitional nucleus 144Nd studied in photon scattering experiments
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Low-lying electric and magnetic dipole excitations in the transitional nucleus144Nd have been studied in
nuclear resonance fluorescence experiments performed with a bremsstrahlung beam~end point energy 4.1
MeV!. The use of high-resolutiong-ray spectrometers and a sectored single-crystal Compton polarimeter
provided detailed information on excitation energies, spins, parities, decay widths, transition probabilities, and
branching ratios of numerous new spin-1 states in144Nd. The strongE1 excitation at 2185 keV in thisN 5 84
nucleus is interpreted as the quadrupole-octupole coupled two-phonon excitation which has been observed
systematically in the neighboringN 5 82 isotones. The decay properties of this 12 state are compared with the
systematics of the low-lying 12 levels in the other even-even, stable Nd isotopes. TheM1 excitations in
144Nd are discussed with respect to the deformation dependence of the orbitalM1 ‘‘scissors mode,’’ the
so-called ‘‘d2 law,’’ which has been studied previously in the other stable even-even Nd nuclei and in the Sm
isotopes.@S0556-2813~97!00609-2#

PACS number~s!: 25.20.Dc, 21.10.Re, 23.20.2g, 27.60.1j
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I. INTRODUCTION

The transitional nucleus144Nd with two neutrons outside
the closedN582 shell has a small deformation~deformation
parameterd50.114 orb250.1309@1,2#!, and it provides an
interesting laboratory for the study of different low-lying d
pole excitation mechanisms of both electric and magn
character. A common feature in the neighboring semima
N582 isotones is a strongE1 excitation near to the sum o
the excitation energies of the quadrupole~21) and octupole
~32) vibrations @3–9#. In 144Nd the effect of the two neu
trons outside the closed shell on the excitation strengths
the decay properties of the corresponding 12 level can be
studied.

In addition, 144Nd is a member of the chain of stab
even-even Nd isotopes which represents an ideal case
studying the influence of the shape transition from spher
to deformed nuclei on nuclear excitation modes, e.g.,
orbital M1 scissors mode. The deformation dependence
this mode has been studied in the Sm chain by the Darms
group @10,11# and in the Nd chain (142,146,148,150Nd! at the
Stuttgart facility@12#. However, it should be emphasized th
for the interpretation of the results of such nuclear resona
fluorescence~NRF! experiments, parity assignments are c
cial. Parities can be determined in NRF studies by measu
the linear polarization of the scattered photons with a Com
ton polarimeter. Such measurements have been perform
Stuttgart for142,150Nd @13–15# and 146Nd @16#. Therefore, an
important aim of the present study was to perform polari
tion measurements and to obtain reliable parity assignm
for an additional, yet critical Nd isotope.

Because of the spin selectivity of the real photon pro
the NRF technique has proved to be the most sensitive
for the investigation of low-lying dipole excitations of bot
electric and magnetic character and detailed nuclear struc
information is obtained in a completely model-independ
560556-2813/97/56~3!/1256~10!/$10.00
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way @17,18#. Precise excitation energiesEx , ground-state
transition widthsG0, total widthsG, reduced excitation prob
abilities B(E1)↑ or B(M1)↑, decay branching ratiosRexpt,
and spins and parities of the excited states can be extra
The formalism decribing this classical method can be fou
in recent reviews@17,18#.

In the next subsections the physical motivation for th
work is outlined in greater detail. Section II then deals w
the description of the experimental technique and the se
After a presentation of the results in Sec. III, these results
compared with previous data in Sec. IV and discussed in
framework of appropriate theoretical concepts.

A. E1 excitations to quadrupole-octupole coupled states

In vibrational nuclei, coupling between the quadrupo
and octupole phonons is expected to produce a quintuple
negative-parity states~12 to 52) @19,20#. In a recent review
of nuclear structures that could be populated by resona
fluorescence scattering, the evidence for quadrup
octupole coupled states in even-A nuclei nearN 5 82 was
assessed@17#. In summary, the spectra of all of the stab
even-evenN 5 82 nuclei studied with the (g,g8) reaction
are dominated by an isolated strong transition from a2

state at about 3.5 MeV to the ground state, the energie
these 12 exitations are nearly harmonic, i.e., close to t
sum of the energies of the quadrupole and octupole phon
and the absoluteE1 transition strength to the ground state
rather constant and strong, about 33 1023 Weisskopf units
~W.u.! ~see, e.g.,@7#!. These states have long been inte
preted@21# as the lowest-spin members of the 21

^ 32 two-
phonon quintuplet, and quasiparticle-phonon model~QPM!
calculations@22# reproduce the observed transition streng
reasonably well. Moreover, the recent observation of the
pected one-phonon decays to the 21 quadrupole phonon
@8,9# and the 32 octupole phonon@9# with transition rates
1256 © 1997 The American Physical Society
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56 1257DIPOLE EXCITATIONS IN THE TRANSITIONAL . . .
consistent with the phonon coupling picture add additio
credence to the interpretation of these 12 states as
quadrupole-octupole coupled excitations. While candida
for other members of the quintuplet have been suggested@6#
on the basis of fastE1 transitions, these states have not be
conclusively identified inN 5 82 nuclei. These two-phono
E1 excitations seem to be a rather common feature in he
semimagic nuclei and have also been observed consist
in the Sn isotopes (Z550! @23#. The enhancedE1 strengths
can be explained by including one-particle–one-hole~1p-1h!
admixtures at the tail of the electric giant dipole resona
~GDR! into the collective two-phonon states@23,24#.

In N 5 84 nuclei, with the addition of two neutrons to th
closed shell, the energies of the quadrupole phonons d
dramatically as their collectivity increases; however, a p
sistent feature observed in (g,g8) spectra of both142Ce @25#
and 144Nd @26# is the strong excitation of a 12 state at an
energy near the sum of the quadrupole and octup
phonons. As in theN 5 82 nuclei, this excitation in144Nd is,
quite naturally, interpreted as a~21

^ 32) two-phonon ex-
citation.

B. M1 excitations of the scissors mode

The prediction@27# and subsequent discovery@28# of a
low-lying, enhancedM1 excitation in deformed nuclei, th
so-calledscissors mode, was one of the most exciting obse
vations in nuclear spectroscopy during the last decade. N
well known from numerous photon and electron scatter
experiments~see, e.g., recent reviews@17,29# for references!,
the common features of this predominantly orbital mode
a mean excitation energy of about 3 MeV~in deformed rare
earth nuclei! and a total strengthSB(M1)↑ on the order of
3 mN

2 for midshell rare earth nuclei. Another interesting pro
erty of thescissors modeis its deformation dependence.

The stable even-even nuclei in the Sm and Nd isoto
chains represent excellent opportunities for studying the
havior of the total low-lyingM1 strengths in the transitiona
region from spherical to deformed nuclei. The shape tra
tion within these isotopic chains, starting from the spheri
N 5 82 isotones (144Sm, 142Nd! and ending at the deforme
nuclei (154Sm, 150Nd!, is nicely illustrated by the deforma
tion splitting of the GDR@30,31#. Another criterion for the
shape transition is the behavior of the ratio of the energie
the first 41 and 21 states; e.g., the theoreticalE41 /E21 ratio
changes from 2 for spherical vibrators to 10/3 for good
tors.

The shape transition and its influence on the orbitalM1
strength have been investigated in detail through system
NRF experiments on even-even Nd nuclei (142,146,148,150Nd!
at the Stuttgart Dynamitron@12,16# and on the Sm isotope
(144,148,150,152,154Sm! at the Darmstadt S-DALINAC@10,11#,
respectively. In the latter experiment the Darmstadt gro
showed for the first time that the total orbitalM1 strength
increases proportionally to the square of the deformation
rameterd, an effect often referred to as the‘‘ d2 law.’’ This
deformation dependence then could be confirmed by pa
determinations ~via polarization measurements! of the
corresponding dipole excitations in the142,146,150Nd nuclei
@13–15#. Additional, precise NRF measurements~including
polarization masurements! in nearly spherical nuclei like
l
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144Nd are of interest for studying this correlation in the ma
region of the shape transition.

II. EXPERIMENTAL METHOD

A. Nuclear resonance fluorescence technique

In the following paragraphs the relations needed for
discussion of the present NRF results are briefly summ
rized. In NRF experiments using continuous bremsstrahl
the photon scattering cross sections from bound nuc
states at an excitation energyEx can be measured. The tota
scattering intensityI s , the cross section integrated over o
resonance, and the full solid angle

I s5gS p
\c

Ex
D 2G0G f

G
~1!

are determined absolutely@17,18#. G0, G f , and G are the
decay widths of the excited state with spinJ to the ground
state with spinJ0, to the final level, and the total leve
width, respectively. The so-called spin factorg5(2J11)/
(2J011) is equal to 3 in the case of dipole excitations
even-even nuclei.gG0 is related to the reduced excitatio
probabilities B(PL,Ex)↑5B„PL;J0→J(Ex)… (P5E or
M ) by

gG058p (
PL51

`
L11

L@~2L11!!! #2S Ex

\cD 2L11

B~PL,Ex!↑.

~2!

For pure dipole transitions, the reduced dipole excitat
probability

B~P1!↑5gB~P1!↓5
9

16pS \c

Ex
D 3

~gG0! ~3!

can be calculated from the measured quantitygG0. In prac-
tice, the following numerical relations are useful for elect
or magnetic dipole excitations, respectively:

B~E1!↑5
2.866

3

gG0

Ex
3 @1023 e2 fm2#, ~4!

B~M1!↑5
0.2592

3

gG0

Ex
3 @mN

2 #. ~5!

Here the excitation energiesEx are in MeV and the
ground-state transition widthsG0 in meV.1

Measurements of the angular distributions of the scatte
photons provide the spinsJ of the photoexcited levels~un-
ambiguously in the case of even-even nuclei! @17,18#. The
theoretical intensity ratioW(Q590°)/W(Q5127°) is 0.734
and 2.28 for dipole and quadrupole transitions, respectiv

1In some of our previous work@17,32,33# in the text, not used in
the evaluations, a slightly different scaling factor of 0.2598 w
given in Eq.~5!, due to rounding errors.
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1258 56T. ECKERTet al.
These values are slightly reduced for realistic geomet
used in the experiments due to the finite solid angles of
detectors.

For parity assignments, which are crucial for the interp
tation of the results, the linear polarization of the scatte
photons must be measured, e.g., by using a Compton p
imeter @17,34#. Parity information then is obtained from th
measured azimuthal asymmetry«,

«5
N'2Ni

N'1Ni
5Pg•Q, ~6!

whereN' and Ni represent the rates of Compton scatte
events perpendicular and parallel to the NRF scatte
plane, defined by the directions of the incoming photon be
and the scattered photons, respectively. The asymmetry« is
given by the product of the polarization sensitivityQ of the
polarimeter and the degree of polarizationPg of the scattered
photons. At a scattering angle ofQ 5 90° to the beam axis
the polarizationPg is 21 or 11 for pureE1 andM1 exci-
tations, respectively~0-1-0 spin sequences!. Therefore, the
sign of the asymmetry« obviously can be used to determin
the parity.

For the discussion of transitions where the parity can
be determined, we introduce the quantitygG0

red, which is
proportional to the corresponding reduced ground-state t
sition probabilitiesB(P1)↑ @see Eqs.~4! and ~5!#:

gG0
red5g

G0

Ex
3

. ~7!

The photoexcited states can decay back to the ground
~spinJ0) or to another low-lying excited level~spinJf). The
corresponding decay branching ratioRexpt is defined as

Rexpt5
B~PL;J→Jf !

B~PL;J→J0!
5

G f

G0

EgJ0

3

EgJf

3
. ~8!

It should be emphasized that for deformed nuclei the bran
ing ratio Rexpt provides valuable information on theK quan-
tum numberK of the excited state, if the validity of the
so-called Alaga rules@48# is assumed.

B. Experimental setup

The present NRF experiments were performed at the w
established bremsstrahlung facility installed at the 4.3 M
Dynamitron accelerator of the University of Stuttgart. T
facility has been described in detail@17,32,35#. The accelera-
tor delivers a dc electron beam with an energyEe 5 4.1
MeV at a maximum current of 4 mA; however, the therm
capacity of the water-cooled radiator target used for bre
strahlung production limited the usable intensity of the el
tron beam in the present NRF experiments to about
mA. The collimated bremsstrahlung beam struck the nuc
scattering sample which consisted of 5934 mg of Nd ox
~Nd2O3) enriched to 97.51% in144Nd ~the major impurities
were 0.85% of145Nd, 0.66% of143Nd, 0.46% of142Nd, and
0.39% of 146Nd!. The Nd2O3 powder was pressed into pe
lets which were sandwiched by Al disks~total mass 2803
s
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mg!. The well-known transitions in27Al served as an abso
lute photon flux monitor@36#. The scattered photons wer
detected by a high-resolution Ge detector installed at 1
with respect to the incident bremsstrahlung beam an
fourfold-sectored single-crystal Ge-Compton polarime
@34# at 98°. The efficiencies of theg-ray detectors, relative
to a standard 7.6 cm3 7.6 cm NaI~Tl! detector, were 31%
~detector at 128°) and 25% for the polarimeter. The Com
ton polarimeter has a polarization sensitivityQ of about 20%
for photons of an energy of 0.5 MeV and about 10% f
photons of 4.4 MeV. Details of the polarimeter performan
and its calibration are given in Ref.@34#. To improve the
response function of the polarimeter, the sectored Ge cry
was surrounded by an eightfold-segmented BGO a
Compton shield, as described previously@32#.

III. RESULTS

In Fig. 1 the results of the present NRF experiment
144Nd including linear polarization measurements of t

FIG. 1. Experimental results for photon scattering and polari
tion measurements on144Nd. Upper panel: spectrum of scattere
photons measured with the BGO-shielded Compton polarime
Middle panel: reduced ground-state decay widthsG0

red of the pho-
toexcited levels. Parity assignments are given, and tentative p
assignments are shown in parentheses. Lower panel: azim
asymmetries« measured with the Compton polarimeter togeth
with the anticipated values for completely polarized scattered p
tons ~dashed lines!. Solid squares belong to transitions in144Nd,
and open diamonds correspond to nearly unpolarized photons
transitions in the photon flux monitor27Al.
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56 1259DIPOLE EXCITATIONS IN THE TRANSITIONAL . . .
scattered photons are summarized. The upper part~a! shows
the spectrum of scattered photons detected by the Ge p
imeter installed at an angle of 98°. The high quality of t
spectrum was achieved by surrounding the polarimeter c
tal by a BGO anti-Compton shield, which also acts as a v
efficient active shield against room and cosmic-ray ba
ground@32#. The spectrum is dominated by two peaks ne
3.2 MeV and a strong excitation at 2.185 MeV. Pea
marked by ‘‘27Al’’ belong to excitations in the27Al photon
flux monitor @36#. In the middle part~b!, the reduced transi
tion widthsG0

red of the photoexcited levels are depicted@the
reduced transition widths are proportional to the redu
transition probabilitiesB(E1)↑ and B(M1)↑; see Eqs.~4!
and ~5!#. For the stronger excitations the parities could
determined and are given in the figure:~1! M1 excitations,
~–! E1 excitations. The weak transitions marked by asteri
(*) correspond toE2 transitions, as determined from th
angular correlation measurements. The azimuthal asym
tries «, measured with the Compton polarimeter, are sho
in the lower part~c! of the figure. The dashed lines corr
spond to the asymmetries expected for completely polar
photons and are given by the polarization sensitivityQ(Eg)
of the polarimeter@34#. Positive asymmetries correspond
positive-parity (M1 or E2) excitations, whereas negativ
asymmetries correspond toE1 excitations. Solid squares be
long to transitions in144Nd, and the open diamonds indica
the data points for the nearly unpolarized transitions
27Al. The agreement of these data with«' 0 illustrates the
good instrumental symmetry of the polarimeter@34#. The
parities given in the middle part~b! were assigned from the
measured asymmetries«.

The sensitivity of the present experiment, even at low
photon energies, is demonstrated in Fig. 2. Here the s
trum of scattered photons is plotted in the low-energy ra
ar-
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e

from 1400 to 2300 keV as measured by the Ge detecto
128°. The ground-state decay of this two-phonon excitat
~see Sec. IV! is indicated as 12→01. The good sensitivity
of the setup enabled us to detect also the decay of this2

level to the one-phonon 21 state at 696 keV. The corre

FIG. 2. Low-energy portion of the spectrum of photons sc
tered from 144Nd measured with the Ge detector at 128°. In t
right portion of the spectrum the strongE1 transition of theJp

512 two-phonon excitation is evident. In the left portion the tra
sition of this 12 state to the quadrupole phonon 21 state clearly can
be seen. The27Al calibration peak and the40K background peak are
labeled.
TABLE I. Results of the present144Nd(g,gW 8) experiment:M1 andE1 transitions. Excitation energiesEx , integrated cross sectionsI s ,
ground-state decay widthsG0, intensity ratiosW(98°)/W(128°), experimental decay branching ratiosRexpt, azimuthal asymmetries«, spins
and paritiesJp, and reduced transition probabilitiesB(M1)↑ andB(E1)↑, respectively, are presented.

Ex I s G0 W(98°) e Spin/parity B(M1)↑ B(E1)↑
@keV# @eVb# @meV# W~128°! Rexpt @%# Jp @mN

2 # @1023 e2 fm2#

2072 5.4460.63 2.0360.23 1.560.3 – 20.0621.7 11 0.05960.007 –
2185 59.6664.00 34.616 2.32 0.8860.14 1.276 0.09 26.563.5 12 – 9.5160.64
2464 1.1960.40 0.6360.21 0.4760.48 – – 1 0.01160.004 0.1260.04
2655 30.5562.04 23.5561.58 0.9060.15 0.6560.06 0.965.7 ~1,2! (1) 0.32660.022 3.6160.24
2839 1.7060.40 4.1260.96 1.2760.95 5.7261.71 – ~1! 0.04760.011 0.5260.12
2904 8.9760.74 6.5760.54 0.7360.20 – 0.4618.9 1 0.06960.006 0.7760.06
2975 9.5960.77 15.4761.24 0.9960.25 2.4560.30 -8.2612.2 12 – 1.6860.14
3213 21.1961.49 21.9061.54 0.7860.15 0.3260.09 8.769.2 11 0.17160.012 –
3244 76.0765.09 69.4364.64 0.7660.12 – -4.664.0 12 – 5.8360.39
3272 1.3760.48 1.2760.45 0.9261.08 – – 1 0.00960.003 0.1060.04
3316 1.3460.33 1.2760.31 0.7760.64 – – 1 0.00960.002 0.1060.03
3486 6.6960.72 7.0660.75 0.6960.26 – 3.5628.4 1 0.04360.005 0.4860.05
3614 23.1861.85 39.7763.17 0.6760.17 0.9860.15 -9.8610.7 12 – 2.4160.19
3783 26.5562.32 32.9662.89 0.8860.25 – 1.6610.5 1 0.15860.014 1.7560.15
3838 36.2863.30 46.3864.21 0.9060.26 – -3.669.8 1 0.21360.019 2.3560.21
3849 35.0963.24 48.4764.48 0.7360.22 0.1460.07 4.6611.2 1 0.22060.020 2.4460.23
3860 15.4161.67 19.9262.17 0.9660.37 – -2.1617.2 1 0.09060.010 0.9960.11
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TABLE II. Results of the present144Nd(g,gW 8) experiment:E2 transitions. Excitation energiesEx , integrated cross sectionsI s , ground-
state decay widthsG0, intensity ratiosW(98°)/W(128°), experimental decay branching ratiosRexpt, azimuthal asymmetries«, spins and
paritiesJp, and reduced transition probabilitiesB(E2)↑ are presented.

Ex I s G0 W(98°) e Spin/parity B(E2)↑
@keV# @eV b# @meV# W~128°! Rexpt @%# Jp @e2 fm4#

2527 8.8860.74 4.0960.34 1.9660.53 1.9360.48 10.0610.4 21 246.0620.6
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sponding 1489 keV transition marked as 12→21 is clearly
visible above the continuous pulse height distribution fro
nonresonant scattering of bremsstrahlung photons. The p
labeled by 27Al and 40K arise from the 27Al photon flux
calibration material and the room background, respective

The results of the present144Nd (g,gW 8) experiment are
summarized in numerical form in Tables I (E1 andM1 tran-
sitions! and II (E2 transitions!.

IV. DISCUSSION

The dipole strength distribution measured for144Nd is
compared in Fig. 3 with the corresponding distributions
146,148,150Nd measured in previous NRF experiments@12#.
Parity assignments from previous linear polarization exp
ments@13–15# are also included. The dipole excitations
the transitional nuclei144,146,148Nd are spread over the entir

FIG. 3. Systematics of dipole strength distributions in the sta
even-even Nd isotopes. Plotted are the reduced ground-state t
tion widths G0

red, which are proportional to the reduced transitio
probabilitiesB(M1)↑ or B(E1)↑, as a function of the excitation
energy. Parity assignments from photon polarization measurem
are indicated by~1! for M1 and by~–! for E1 transitions, respec
tively. In 142Nd, in the shown energy range, a single, very stro
E1 excitation at 3452 keV (G0' 250 meV! has been observed i
previous NRF work@4,12#.
ks

.

i-

energy range 2–4 MeV, and the fragmentation seems to
crease with the mass number. On the other hand, in the
formed nucleus150Nd a cluster of enhancedM1 transitions
around 3 MeV is evident which can be attributed to theM1
scissors mode@13#. The rather strongE1 excitation in150Nd
near 2.4 MeV was discussed as a candidate for a new cla
two-phonon excitations due to a coupling of theK52 g vi-
bration and theK51 octupole vibration@37#. Corresponding
12 states have been systematically observed in several e
even rare earth nuclei@37#. From Fig. 3, in particular, the
data for 144Nd and 146Nd, it is clear that bothE1 andM1
excitations are nearly equally distributed in these transitio
nuclei. Therefore, unambiguous parity assignments are t
crucial for the interpretation of the observed dipole exci
tions. This fact clearly emphasizes the necessity for furt
photon polarization measurements for weaker transitions
particular when discussing the fragmentation and/or redu
strengths of dipole modes in various mass regions.

A. E1 excitation to a quadrupole-octupole coupled 12 state

The well-known strongE1 excitations in the semimagi
stableN582 isotones138Ba, 140Ce, 142Nd, and144Sm, which
are interpreted as excitations of the spin-1 member of
quintuplet from 21

^ 32 two-phonon coupling, show rathe
smooth A dependences both of the excitation energy a
strength~see, e.g.,@7#!. The excitation energies, close to th
sum of the energies of the quadrupole and octupole phon
decrease from 4.026 MeV to 3.225 MeV when moving fro
138Ba to 144Sm, while the reduced transition probabilitie
B(E1)↓ increase from about 4 to 63 1023 e2 fm2. These
strengths correspond to about 3–4 mW.u., a value whic
more than a factor 30 higher than typical strengths forE1
ground-state transitions which are on the order
1024– 1028 W.u. ~1 W.u. equals 64.5A2/3e2 fm2). The two-
phonon character of these 12 states in142Nd @8,9# and 144Sm
@9# quite recently was directly proved by (n,n8g) and
(p,p8g) experiments where the decay branchings of the tw
phonon 12 states to the one phonon 32 states could be mea
sured explicitly.

In the N584 nucleus144Nd, a spin-1 state at 2185 keV
has been identified from investigations of144Pr b decay
@38,39#. From these experiments the negative parity of t
state was also assigned. The level had already been obse
in early photon scattering experiments by Metzger@26#. Its
excitation energy is very close to the sum of the 21 and 32

excitations~see Table IV!. Information about the other mem
bers of the two-phonon quintuplet in144Nd is perhaps as
complete as for any nucleus in this region. In a rec
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56 1261DIPOLE EXCITATIONS IN THE TRANSITIONAL . . .
(n,g) experiment, Robinsonet al. @40# studied theE2 and
E3 transitions of quadrupole-octupole coupled states
144Nd by measuring the lifetimes of the 11

2 , 31
2 , and 51

2

states using the GRID~gamma-ray induced Doppler broad
ening@41#! technique. The measured absolute transition ra
are consistent with the interpretation of these states as m
bers of the two-phonon quintuplet. While no lifetime cou
be measured for the 42 state at 2205 keV, they suggeste
that this state might also be a member of the quintup
Recent lifetime measurements following the144Nd(n,n8g)
reaction@42# indicate that these assignments are correct,
other members of the quintuplet have been identified by
observation of collectiveE2 branches to the 32 octupole
phonon.

Tsoneva, Grinberg, and Stoyanov@43# have recently cal-
culated theE1 properties of the even-evenN 5 84 isotones
with the QPM. The calculated energies and transition pr
abilities of the low-lying states in144Nd are in reasonable
agreement with the experimental values, indicating that
main components in the wave functions are well reprodu
by the QPM. Moreover, they have calculated the decay c
acteristics of the negative-parity excitations and determ
the l1

2 state to be primarily of 21 ^ 32 two-phonon charac-
ter, with the effect of the GDR being to increase the stren
of the E1 decay to the ground state. On the other hand,

FIG. 4. Systematics of the low-lying 12 levels in the even-A,
stable Nd isotopes. The solid symbols correspond to the new da
the present work. Numerical values and references are give
Table IV. Part~a!: excitation energiesE12 compared with the sum
of the excitation energies of the first 21 and 32 states. Part~b!:
reduced excitation probabilitiesB(E1)↑. Part~c!: decay branching
ratios Rexpt. The dashed line corresponds to the ratioRexpt 52 as
expected from the Alaga rules for well-deformed rotors@48#.
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E1 transition strength to the 21
1 state is predicted to be rathe

small @43#.
In Table III the decay properties of the 12 level at 2185

keV in 144Nd as determined in the present NRF study and
previous (g,g8) and (n,g) experiments@26,40# are com-
pared with QPM calculations@43#. The experimentally ob-
served ground-state transition probabiliti
B(E1)↓(12→01) are in an excellent agreement. QPM ca
culations @43# also predict the correct magnitude of th
strength. The transition probabilities to the first 21 state
B(E1)↓(12→21) measured in all experiments are in goo
agreement, and hence the decay branching ratiosRexpt are
consistent.2 However, the QPM calculations@43# fail to re-
produce the decay branchings within an order of magnitu
A similar situation exists for theN 5 82 isotones where the
QPM calculations@22# provide a reasonable description
the ground-state transition probabilities of the 12 two-
phonon excitations, but underestimate significantly
branchings to the 21 one-phonon state~see@22# and @8,9#!.

In Fig. 4 ~see also Table IV! the properties of the 12 state
at 2185 keV in144Nd are compared with those of the corr
sponding low-lying 12 states in the stable, even-A Nd nu-
clei. The new data for144Nd are shown as solid symbol
while open symbols correspond to data from previous S
tgart NRF work@12#. In the upper part the excitation ene
gies of the first 12 states are plotted for142,144,146,148,150Nd
and are compared with the sum of the excitation energie
the lowest quadrupole~21) and octupole~32) excitations,
respectively. As for theN 5 82 isotones~see@7#!, with in-
creasing proton number, the 12 energies follow very closely
the sum energy in this isotopic chain with increasing neut
number. The excitation energy of the 12 state in 144Nd fits
very well into this systematics.

In the middle portion of Fig. 4 the reduced excitatio
probabilitiesB(E1)↑ for the first 12 states in the stable
even Nd isotopes are depicted. The strength drops w
moving from the semimagic142Nd to the transitional nucle
144,146Nd and increases when reaching the deformed nuc
150Nd. The same trend was observed in the Sm isoto
chain @3# and was discussed much earlier by Metzger@4#.
This general behavior of theE1 strength as a function of th
neutron number persists even if the strengths of the co
sponding 12 states in even-even nuclei of different isotop
chains near the closedN 5 82 shell~Ba, Ce, Nd, Sm chains!
@3,45# are considered. The largest strengths were obse
for the two-phonon excitations in the sphericalN 5 82 iso-
tones and the deformed nuclei far from the shell clos
where the lowest 12 state corresponds to the bandhead of
K 5 0 octupole band@46#. The strengths of these excitation
could be qualitatively explained by an admixture of the ele
tric giant dipole resonance into these low-lying 12 states
@47#.

In the lower panel of Fig. 4, the branching ratiosRexpt are
shown for the even-A Nd isotopes. For spherical142Nd the

2In the original (n,g) work @40# an incorrect branching ratio wa
used in the evaluation of the transition probabilities. In the table
corrected values@44# as communicated by the authors of Ref.@40#
are quoted.
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TABLE III. Decay properties of the 12 level at 2185 keV in144Nd, reduced transition probabilitie
B(E1)↓, and branching ratiosR. A comparison of experimental data with QPM calculations is made.

B(E1)↓ ~12→01) B(E1)↓ ~12→21)
Data @1023 e2 fm2# @1023 e2 fm2# R Reference

(n,g) 2.460.5 3.160.7 1.2960.40 @40,44#a

(g,g8) 2.860.4 3.860.5 1.3660.26 @26#

(g,gW 8) 3.1760.21 4.0360.66 1.2760.09 this work

QPM 1.95 0.21 0.11 @43#

aIn their original work@40# an uncorrect branching ratio was used in the evaluations. In the present tab
corrected values are quoted@44#.
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branching ratio was too low to be measured in previous N
experiments@12#. However, recent (n,n8g) and (p,p8g)
studies succeeded in detecting the decay branch to the1

vibrational state@8,9#. In 144Nd this transition to the 21 state
is stronger and was observed both in the present NRF ex
ment and a previous (n,g) work @40#. The measured branch
ing ratio fully fits into the systematics of an increasin
branching ratio up to a saturation value ofRexpt 5 2, as
expected forK 5 0, Jp 5 12 states in deformed nucle
within the validity of the Alaga rules@48#. This expectation
value is indicated by the dashed line in the figure.

The data on which Fig. 4 is based are presented in
merical form in Table III.

B. M1 excitations of the scissors mode

One of the characteristics of theM1 scissors modeis a
proportionality of the totalB(M1) strength to the square o
the deformation parameter (b2 or d; for definitions see
@1,2#!, and hence to theB(E2) quadrupole strength. Thed2

dependence of orbitalM1 strength originally was suggeste
by macroscopic models@49,50#, and the report of its experi
mental observation in the Sm isotopes@10# initiated a series
of theoretical papers. In the meantime various nuclear m
els, such as microscopic, algebraic, geometrical, and p
nomenological, were used to explain the quadratic dep
dence of the totalM1 strength on the nuclear deformatio
@51–62#. The ‘‘ d2 law’’ also is consistent with the observe
saturation of the strength in the midshell mass region of
rare earth nuclei@63#. Also, recently derived sum rules fo
the orbitalM1 strength explicitly contain the proportionalit
to the square of the deformation parameterd or b2 @56,64#.
F
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ri-

u-
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e

The deformation parameterb2 is directly connected to the
reduced transition probabilityB(E2,01→21

1) and the quad-
rupole momentQ0:

b25
4p

3ZR0
2AB~E2,01→21

1!

e2
5

4p

3ZR0
2
A 5

16p
Q0 , ~9!

whereZ represents the atomic number andR0 corresponds to
1.2 fmA1/3. In this article, the deformation parameterb2 will
be used since it is directly determined from measu
B(E2) values.

In a recent compilation of all available NRF data on t
M1 scissors modestrength, Pietrallaet al. @65# demonstrated
the existence of a striking correlation between the low-lyi
M1 andE2 strengths not only for the transition from sphe
cal to deformed nuclei but also for heavier rare earth nu
where a transition occurs tog-soft, so-called O~6! nuclei.
Results from recent NRF experiments ong-soft nuclei
196Pt @66#, the best known O~6! nucleus, and134Ba @67# and
the transitional, heavy nuclei178,180Hf @68# and 190,192Os@69#
confirmed the expected reduced totalM1 strength and fit
well into the systematics of the proportionality ofB(M1)
andB(E2) strength@70#.

As noted earlier, experimental evidence for the so-cal
‘‘ d2 law’’ was first reported by the Darmstadt group for th
even-A Sm isotopes@10,11#. First NRF experiments on the
stable even-A Nd isotopes142,146,148,150Nd @12# subsequently
were completed with polarization experiments
142,146,150Nd @13,14,16# to establish definite parity assign
ments for the observed dipole excitations. The parity de
minations are crucial for the extraction of total strengths a
ed
TABLE IV. Comparison of the properties of the low-lying 12 levels in the even-A, stable Nd isotopes. Excitation energies, reduc
excitation probabilitiesB(E1)↑, and decay branchingsRexpt are given.

E21 E32 E211E32 E12 B(E1)↑
Isotope @MeV# @MeV# @MeV# @MeV# @1023 e2 fm2# a Rexpt Reference

142Nd 1.576 2.084 3.660 3.425 16.362.4 0.1760.03b @12#
144Nd 0.696 1.511 2.207 2.185 9.5160.64 1.2760.09 this work
146Nd 0.454 1.190 1.644 1.377 5.0561.54 2.2960.56 @12#
148Nd 0.302 1.000 1.302 1.023 14.266.4 2.3160.86 @12#
150Nd 0.130 0.930 1.060 0.853 16.166.3 1.9960.30 @12#

aB(E1)W.u.564.5A2/3 e2 fm2; e.g., forA5144, 1 W.u.5 1.772e2 fm2.
bFrom Refs.@8,9#.
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for comparisons with sum rules, particularly for transition
nuclei whereM1 and E1 excitations occur with comparabl
strengths~see Fig. 3!. For these nuclei, which are not goo
rotors, the Alaga rule is not valid and positive parity bas
on observedK51 assignments is very questionable. Furth
more, the dipole strength in these nuclei is quite fragmen
Therefore, when discussing the total strength, e.g., ofscis-
sors modeexcitations, the absolute numbers to be compa
depend on the assumption of the energy range over w
the strength can be fragmented. In the compilation of R
@65# showing the correlation between the low-lyingM1 and
E2 strengths in rare earth nuclei, integration intervals for
scissors modeof 2.7–3.7 MeV and 2.4–3.7 MeV were cho
sen consistently for light and heavy rare earth nuclei, resp
tively. In this paper we integrate over the 2.7–3.7 MeV ran
to provide a consistent comparison with the systematics
cussed in Ref.@65#. It should be noted that in previous wor
@16,17# we gave numbers obtained for the larger ene
range of 2–4 MeV.

Figure 5 shows the integratedB(M1)↑ in the even-even
Nd isotopes142,144,146,148,150Nd ~integration interval 2.7–3.7
MeV! as a function of the square of the deformation para
eterb2. As discussed earlier, we prefer to use the deform
tion parameterb2 instead ofd becauseb2 is directly con-
nected to the experimentally accessible reduced trans
probabilityB(E2) and is proportional to the quadrupole m
ment@see Eq.~9!#. Solid symbols in Fig. 5 correspond toM1
strengths of transitions with reliable parity assignments fr
linear polarization measurements, including the results of
present experiments; open symbols correspond to t
strengths obtained by summing the strengths of all dip
transitions in the energy range of interest (Eg52.7–3.7
MeV! showing aRexpt<1 decay branching. Consideration
all DK51 transitions in the energy range of interest~open
squares!, which seems to be reasonable in the case of
well-deformed nucleus150Nd, obviously leads to remarkabl
overall agreement with the Darmstadt Sm results@10#. More-
over, the linear dependence of the data shown in Fig.
clear. It should be noted that the slope of the linear dep
dence can be influenced by the experimental detection
sitivity ~number of weak transitions of unknown parities i
cluded in the sums!; however, large changes are n
anticipated due to the increased sensitivity achieved in m
ern NRF experiments.
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Obviously, the new data for144Nd fit well into the sys-
tematics of the totalM1 strengths in the even-A Nd isotopes,
and these results represent a reliable independent confi
tion of the‘‘ d2 law’’ @10#. As noted previously, thisd2 or b2

2

dependence of theM1 scissors modestrengths, and henc
the proportionality betweenB(M1) and B(E2) strengths,
has been explained in the framework of a diversity of the
retical models@51–62#.
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FIG. 5. The totalM1 strengths observed in the even-A Nd iso-
topes in the energy range 2.7–3.7 MeV as a function of the sq
of the deformation parameterb2 ~data from Margrafet al. @16# and
the present work!. Solid symbols: only transitions in Nd isotope
with parities known from NRF polarization measurements ha
been included. Open squares: summed strengths of all transi
from spin-1 states with decay branching ratiosRexpt< 1 correspond-
ing to K51 states within the validity of the Alaga rules. Ope
crosses: data observed by the Darmstadt group for the even-A Sm
isotopes~Ziegler et al., @10#!.
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