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A photon scattering experiment has been performed on the odd-A nucleus Nd. Strong dipole
excitations have been detected in the energy region around 3.2 MeV. This is near the expected
position of the two-phonon (2+ 3 ) multiplet in the even-even neighboring nucleus ' Nd. The
summed dipole strength between 2.8 and 3.6 MeV in Nd is in agreement with the sum rule for
weak particle coupling to the core nucleus ' Nd. Model calculations in a harmonic approximation
are in very good agreement with the experiment and they suggest a two-phonon (2+ 3 ) particle
structure of the excitations in Nd.

PACS numbers: 25.20.Dc, 21.10.Re, 21.60.Ev, 27.60,+j

Collective excitations such as quadrupole or octupole
vibrations are the characteristic features in the low en-
ergy level scheme of spherical nuclei [1]. In the last years
much work has been spent to investigate multiphonon
excitations, i.e. , the coupling of two or more collective
states. A very extensively studied example is the cou-
pling of two quadrupole 2+ vibrations forming a multi-
plet of states with J =0+, 2+, and 4+. This multiplet
has been found experimentally and described theoreti-
cally in many nuclei [1,2]. The coupling of two octupole
3 phonons has been observed by Kleinheinz, Piiparinen,
and co-workers. They found a single level belonging to a
(3 C3 3 particle) multiplet in 7Gd [3] and a two-to-
one-phonon E3 transition in i4sGd [4].

Another class of two-phonon states arises by coupling
the quadrupole 2+ vibration to an octupole 3 excitation
[5]. A prominent feature is very strong El ground-state
transitions from the 1 state of this multiplet [6]. En-
hanced El transitions from octupole states have been
described in nonspherical nuclei, too [7—9]. As nuclei in
the N = 82 region have relatively low lying 3 states
with very strong (E3; 3 —+ 0+) transitions, many in-
vestigations on (2+ 3 ) states concentrate on difFerent
Ba, Ce, Nd, and Sm isotopes. In photon scattering ex-
periments the 1 member of the 2+ (3 3 multiplet has
been found in various N = 82 nuclei [10—13]. Experirnen-
tal eKort is under way to detect other members of this
multiplet with diferent experimental techniques, but the
information is sparse; see, e.g. , [14—16].

In photon scattering experiments on 2Nd an iso-
lated E1 ground-state transition from a 1 state at
3425 keV was detected [12,13]. This energy is close to
the sum energy of the 2+ and 3 vibrations at 1576
and 2084 keV, respectively. The El transition strength
B(El) J, =(5.4+0.8) x10 s e fm is 2—3 orders of mag-

nitude larger than the usual El strengths in this mass
region [17]. This underlines the collective character of
this 1 state [13]. Other evidence for the two-phonon
character of this state came from calculations in the sdf
interacting boson model (IBM), where it is impossible
to reproduce the experimental transition rates without
a two body (2+ 3 ) term in the El operator in the
isotonic nucleus Sm [18].

In this paper we will study the coupling of an addi-
tional particle to the (2+ I3 3 ) multiplet, i.e. , we will
investigate the structure of the excitations in an odd-
A neighboring nucleus. In the case of 3Nd the addi-
tional neutron occupies the f7I2 subshell. Because of
the coupling to the odd neutron the five levels of the
2+ (3 3 multiplet in the core nucleus split into 31 lev-
els in i Nd. It is clear that one needs an experimental
method which is selective in strength and spin to detect
these fragmented two-phonon particle levels in the energy
region around 3MeV where the level density is already
high. Photon scattering fulfills these requirements: (i)
Prom the ground state almost exclusively dipole transi-
tions are induced, (ii) a very high energy resolution can
be achieved by detecting the scattered p rays with Ge
detectors, and finally (iii) model independent cross sec-
tions and absolute transition strengths can be measured
using adequate photon flux calibrators [19].

We performed a photon scattering experiment on
4sNd to search for the (2+ 3 particle) excitations.

The experiments have been carried out at the brems-
strahlung facility of the Stuttgart dynamitron accelera-
tor. The end-point energy was 4 MeV; thus all strong
dipole excitations between 1 and 4 MeV were found. Fig-
ure 1 shows the spectrum of i4 Nd in the energy region
between 2.8 and 3.5 MeV. One can clearly identify a num-
ber of strong dipole transitions. The differential cross

2880 1993 The American Physical Society



VOLUME 70, NUMBER 19 PHYSICAL REVIEW LETTERS 10 MAv 1993

600

500

400

300—

~o 200

100

"A1
143Ng

4

Cg

E
CQ

I

CD

1

+
CD

2
CO

Exp.

, i, l

Theo.

0
2900 3000 3100 3200 3300 3400

Energy [keV]

FIG. 1. Spectrum of photons scattered ofF Nd between
2.8 and 3.5 MeV. The intensive line at 2981 keV arises from
a transition in the Al calibration target.

section for bremsstrahlung scattering to a resonance at
the energy E„ is

der 2 2 2J+ 1 Ff W(O)
d0 2Jo+1 I' 4~

where A =bc/E„, Jo denotes the ground-state spin, J is
the spin of the excited state n, I'o = I'(n, J —+ Jo) is
the ground-state transition width, I'y = I'(n, J —+ Jf)
the transition width to the final state (in case of elastic
scattering I' f=I'o, otherwise I'f = I'i), and W(O) is the
angular correlation function.

We have measured the (p, p') spectra at three different
angles (90', 127', and 150') but due to the rather con-
stant behavior of the angular correlation functions W(O)
for the possible spin cascades in the odd nucleus Nd
we were not able to assign spins to the observed levels.
Therefore we extract the ground-state decay width I"o

times a factor depending on the spin of the excited state
from the measured cross sections:

r, l
8 '

(~h )2 roy
where I'i/I'o is the measured branching ratio to the first
excited state and I, is the integrated cross section. The
factor 1/8 stems from the ground-state spin in i sNd,
Jo = 7/2. As mentioned before the angular correlation
functions are nearly independent of the spin of the ex-
cited state and take the value W(O) 1.0.

The ground-state decay width I'0 is related to the re-
duced B(E1) transition probability:

B(E1)J, = 0.9553 x 10 I'o/E„,

where B is in e fm, I'0 in meV, and E in MeV. We
assume that only dipole transitions are induced from
the ground state. Thus the spin factor has the value

s+ = 0.75, 1.0, and 1.25 for the spins J = 5/2, 7/2,
and 9/2, respectively, in i4sNd. The measured strength
distribution is shown in the upper part of Fig. 2. The as-
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FIG. 2. Experimental (upper part) and theoretical (lower
part) strength distribution in Nd between 2.8 and 3.6
MeV. If the transition has an El character one finds
[cf. Eq. (3)] &(2J + 1)bl'o' ——B(R1;n, J —+ Jo) $. We
note that I'n' =I'(n, J —+ Jo)E„and b = 0.9553 x 10
e fm MeV /meV. In the experimental analysis pure dipole
character is assumed for all transitions. The theoretical model
calculates directly the B(E1;n, J ~ Jo) I values. The level
marked with an asterisk shows a strong branching to the 3/2
level at 742 keV and is not expected to be reproduced by our
theoretical calculation.

sumption of electric dipole character for these transitions
is highly favorable from the known dipole excitation in
the even-even neighbor nuclei.

To compare the measured strength in 3Nd with the
El strength in the core nucleus Nd we use the sum
rule for B(E1) J. valid for weak particle coupling [20],

) B(E1;n,J —+ Jo) = B(El;1 —+ 0+) .

If the pure configurations are mixed, so that the strength
is distributed among several levels, the total B(E1)
strength in the odd-A nucleus for each spin corresponds
to the B(E1) value in the core nucleus. This sum rule
implies equal summed cross sections in both the even and
the odd nucleus. As we excite states with J = 5/2, 7/2,
and 9/2 one expects that the B(E1) $ values summed
over all states found in our experiment in the energy re-
gion around 3.2 MeV should be 3 times as large as the
dipole strength of the 1 —+ 0+ transition in the core
nucleus. If we sum up the observed transition strength
between 2.8 and 3.6 MeV in i4sNd we obtain from the
experiment a value

) B(El;n, J) $= (12.8 + 1.6) x 10 e fm
J,n

(5)
According to Eq. (4) this should be equal to the value
3B(El) J ( Nd) = (16.3+ 2.4) x 10 se~fm for the
El transition from the 3425 keV state in the core nu-

2881



VOLUME 70, NUMBER 19 PH YSICAL REVIEW LETTERS 10 MAY 1993

cleus Nd. The fact that the sum rule is fulfilled is an
impressive proof for the correctness of a two-phonon
particle structure for the excitations in Nd.

As the experimental information on two-phonon exci-
tations in even-even nuclei is still sparse, it is our aim
to reproduce the experimentally observed levels with as
simple a model as possible. The model calculation con-
sists of two parts. First the prominent collective features
of the even-even core Nd are described so that missing
experimental data such as the positions of the 2 5
members of the 2+ 3 multiplet can be taken from
theory. Then a single neutron is coupled to this core.
Much work was dedicated to the study of the structure
of i4sNd in the past years [21—24]. We will make the
following approximations: The core is described by a
quadrupole phonon, an octupole phonon, and a multi-
plet of two phonon states 1 5 only. The splitting
of the multiplet comes from the quadrupole quadrupole
interaction. The other low lying states of the core are
not considered. We consider the odd neutron to be in
the fr/2 subshell only.

We describe the core by the sdf IBM Harniltonian

a = & n +& n ——&(Q~ l Q& l)~ol,

where n2+ and n3- count the number of quadrupole,
respectively, octupole bosons, and Q is the usual
quadrupole operator

states and of the first two 7/2 states and used these
values as initial start parameters in the subsequent fit.
Therefore all parameters of Eqs. (6)—(8) except rt are
fixed before the 2+IR3 Sf7/2 multiplet is calculated. The
actual calculations are performed using the code COUpLIN

by Donau [25].
In a second step these fixed parameters are now used to

couple the odd neutron to the 2+ 3 multiplet. The en-
ergies of all 31 multiplet states are calculated. Note that
in our experiment due to the spin selection rules only the
states with spins 5/2, 7/2, and 9/2 can be excited from
the ground state. Therefore we shall limit our discus-
sion to the 15 corresponding multiplet states. Figure 3
shows the calculated levels in comparison to the experi-
ment for the two-phonon particle multiplet. The quality
of the fit is very good. We found it necessary to shift the
whole multiplet by approximately 10% to lower energies
by adjusting the parameter g of the coupling Hamilto-
nian. However, this may be justified if one remembers
that the nucleus Nd is located between Nd and

4Nd where the 1 members of the two phonon multi-
plet lie at 3.425 MeV and 2.186 MeV, respectively. Even
a single neutron may lead to a small polarization efFect
responsible for the shift. The calculation yields two weak
two-phonon particle excitations above the measured en-

ergy range.
To reproduce the experimentally observed transition

Q= Q.a+ Qy
= ( 'd+ d's)'" + x~(d'd)"'+ xy(f'f)'" (7) 3.8 ;

143Nd

g/z'

Only the matrix elements Q22, Qss, and Q2o enter the
calculation of the odd system and can be fixed from the
experiment. Q,~ serves as an abbreviation for (j]~Q~]i) .
We evaluate the sd part and the f part of this Hamil-
tonian by using the harmonic approximation and only
keep the Q, g Qy part to produce the energy splitting
of the 1 . 5 multiplet. The parameters e2 and e3
are obtained from E(2+) and E(3 ), respectively. The
product rQ22Q33 is extracted from the energy difference
LE]— —E2+ + E3— Eg ——0.233 MeV of the two-
phonon multiplet in Nd.

A single f7/2 neutron is then coupled to these exci-
tations. The coupling calculation is performed via an
interaction of the form

3.4

heal

3.2—

3.0

exp

g/2'
s/a'
7/2'

7/2'
s/a'
a/z'

g/a'
7/8'
g/a'
s/a'

7/o'
s/z'

theo

142Nd

4
3

theo

where q, .I, . denotes the quadrupole operator of the sin-(2)

gle particle, and at is the creation operator for a f7/2
neutron. The relevant products rQ22qy, &, , R,Q2oqf
and KQ33qf (2 are fixed from the experimentally observed
splitting of the 2+ f7/2 and 3 fq/2 multiplets in

Nd. We estimated the splitting of the lower lying
2 (8 f7/2 and 3 f7/2 multiplets in Nd from the rela-
tive positions of the first 1/2+, 11/2+, 5/2+, 9/2, 11/2

FIG. 3. The left side shows the calculated two-phonon par-
ticle states with spin 5/2+, 7/2+, and 9/2+ in Nd in com-
parison with the experimentally observed levels between 2.9
MeV and 4 MeV. The level observed in the experiment at
3.214 MeV marked with an asterisk (*) displays considerable
branching to the 3/2, state. Therefore it is believed to con-
tain a large pq/2 single particle amplitude and cannot be re-
produced at this stage. The structure of Nd as used in
the calculation is shown on the right side. The 2,3,4, 5
members of the two-phonon multiplet are not yet determined
experimentally.

2882



VOLUME 70, NUMBER 19 PH YSICAL REVIEW LETTERS 10 MAY 1993

strengths, pure collective El transitions are assumed
and consequently the transition takes place through the
]1 S fry2) component of the wave functions only. Thus
we use the sum rule Eq. (4) implying that the transi-
tion strengths from members of the two-phonon particle
multiplet are given just by the ~1 Sf7~2) amplitude mul-
tiplied with the experimental B(EI;1 —+ 0+) value in
the core nucleus 4 Nd. The calculated strength distri-
bution is shown in the lower part of Fig. 2. The distri-
bution is quite similar to the experimental one shown in
the upper part of the same figure. This is surprising, if
one recalls the drastic truncation of the theoretical model
space. If we enlarge the model space, e.g. , as we introduce
several single-particle levels, the strength distribution is
expected to smooth out even further.

We consider the agreement between the experiment
and the core coupling model to be a strong argument
in favor of the proposed (2+ 3 jmparticle) structure
for the observed states around 3 MeV. Further photon
scattering experiments in the N = 82 region are now
planned to learn more about the two-phonon states.
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