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A photon scattering experiment on Nd yielded detailed information about the energies, cross
sections, and absolute strengths of dipole transitions between 1.4 and 4.1 MeV. Besides some well-
known levels at energies around 2 MeV we observed a number of very strong dipole excitations
between 2.8 and 3.8 MeV. This is the energy region where one expects the two-phonon-(2+ Cs

3 )particle multiplet which arises due to the coupling of the unpaired neutron with (2+ C3 3 )
coupled states in the even-even core nucleus Nd. The summed dipole strength between 2.8 and
3.6 MeV in Nd, according to the sum rule, is comparable to the E1 strength of the 1 member
of the multiplet in the core nucleus Nd. Model calculations in a harmonic approximation with
a quadrupole-quadrupole interaction show very good agreement with the experiment and indicate
the dominant two-phonon-particle structure (2+ 3 fqy2) of the excitations in Nd.

PACS number(s): 25.20.Dc, 21.10.Re, 21.60.Ev, 27.60.+j

I. INTRODUCTION

Octupole excitations of the nucleus have been inves-
tigated intensively over recent years [1—5], and it has
been proposed that static or dynamic octupole deforma-
tions may explain the strong electric dipole transitions
observed frequently in nuclei of the rare-earth region and
the actinide region [6].

In strongly deformed nuclei the octupole vibration
couples to the quadrupole-deformed. core. The result-
ing octupole-vibrational bands are characterized by their
K quantum number [7]. The J =1 bandheads of the
K = 0 and K = 1 bands have been studied extensively in
recent photon scattering experiments [8—10]. It has been
shown that the E1 ground-state transition strengths of
these states are two to three orders of magnitude larger
than typical electric dipole transitions in this mass re-
gion.

Relatively strong E1 ground-state transitions from
J = 1 states have also been observed in spherical nu-
clei. It has been proposed that these dipole excitations
arise due to the coupling of the octupole 3 vibration
with the quadrupole 2+ vibration [ll—13]. The 2+ 3
structure creates a multiplet of states with J =1 to 5

Nd —isotopes 0 lowest 1 —state
Sum of lowest 2 and 3 — states

80
I I

82 84 86 88 90

Neutron Number N

92 94

Whereas the 1 member of this 2+ (3 3 multiplet has
been observed in difFerent N = 82 nuclei [14—16], the ex-
perimental information on the other members with J ) 1
is still rather incomplete. Diferent experimental tech-
niques have been used to identify the whole two-phonon
multiplet [17—20].

Figure 1 shows the summed energy of the lowest-lying
3 and 2+ states in comparison to the energy of the
lowest-lying 1 states in diferent Nd isotopes ranging
from the spherical vibrational nucleus Nd up to the
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FIG. 1. Comparison of the excitation energies of the low-

est 1 levels (closed hexagons) in the Nd isotopes with the
sum energies (open triangles) of the 2~ and 3~ levels. The
correlation between the two quantities is obvious. A similar
picture for the Sm isotopes was given by Metzger [15].
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well deformed rotational nucleus Nd. One can see a
strong correlation of the energies independent of the de-
formation. This correlation points clearly to the octupole
structure of the lowest 1 states.

What are the expected collective excitations in the
odd-A neighbor nucleus Nd? In the ground state the
additional neutron is in the fqy2 subshell. If this neu-
tron is coupled to the quadrupole vibration at 1576 keV
in the core nucleus Nd, a multiplet of five states with
J =3/2 to 11/2 is expected near the energy of the
quadrupole phonon in the core. These levels may mix
with single-particle excitations that are close in energy.
Similarly the coupling of the single neutron to the 3 oc-
tupole vibration at 2085 keV in Nd should give rise to
a multiplet of collective states with J =1/2+ to 13/2+
in ~43Nd.

The nucleus Nd has been investigated intensively
with different experimental probes. The most complete
information stems &om a ~ Ce(n, np) Nd study per-
formed by Wrzesinski and co-workers [21] and a proton
scattering (p, p') experiment by Trache et al. [22]. The
latter experiment was especially suited to excite the col-
lective one-phonon-particle states and it was possible to
identify all members of the 3 f7~2 septuplet.

As a next step the unpaired neutron can be coupled to
the two-phonon states in the N = 82 nucleus Nd. First
evidence for the existence of such an octupole-octupole-
particle 3 (3 3 t3 particle state has been found in Gd
by Kleinheinz et al. [23]. In the case of the 2+ I3 3 ex-
citations the originally five states in Nd will give rise
to 31 two-phonon-particle states in Nd. It is evident
that one needs an experimental method which is selective
in spin and strength to detect these excitations in an en-
ergy region where the level density is already very high.
Photon scattering fulfills these requirements very well;
kom the ground state mainly dipole transitions and, to
a lesser extent, quadrupole transitions are induced, and
the electromagnetic excitation mechanism is sensitive to
the radiative decay width I of the level. In addition, the
method achieves a high energy resolution [full width at
half maximum (FWHM) = 3 keV at 3 MeV] and yields
absolute transition strengths (i.e. , half-lives) when the
absolute photon flux is known. Therefore we decided
to investigate the nucleus Nd in a photon scattering
experiment, the first results of which were recently pub-
lished in a Letter by our group [24].

The present paper will discuss the results in detail.
After a short description of the experimental method in
Sec. II we will present the experimental results in Sec. III.
Section IV introduces the theoretical model which we
used to calculate the two-phonon states and compares
the experimental findings with the model calculations.
The last section gives a short summary and presents the
conclusions.

II. EXPERIMENT AND DATA EVALUATION

r=) r, .
f

In our experiment we observe only transitions to the
ground state and to the first excited state; thus

(2)

The differential cross section for the resonant scatter-
ing of photons of energy E in a resonance of energy E„
and width I' is given by the Breit-Wigner formula

d2~P, .(E), 2J + 1 r,r,
d 0 d E 2(2Jp + 1) (E —E„)2 + i I'2

W(J, Jp, 0)
4a (3)

where A = hc/E„W( J, Jp, 8. ) is the angular-correlation
function which depends on the spin of the excited state

The photon scattering experiments have been per-
formed at the bremsstrahlung facility of the Stuttgart
Dynamitron [25]. The electron endpoint energy was
4.1MeV which results in a continuous bremsstrahlung
spectrum that decreases exponentially up to the end-
point energy. The photon flux is typically about 10
photons/(skeV) at energies near 3 MeV. Figure 2 shows
the principle of photon scattering. From the ground
state with spin Jp bremsstrahlung induces predominantly
dipole transitions to states with J = Jp —1, Jp, and Jp+1;
quadrupole transitions in addition populate levels with
J = Jp —2 and Jp + 2. The deexcitation of the populated
states to the ground state and to other excited states is
measured with Ge detectors. Throughout this paper we
will use the notation I t for the decay widths I'(J m Jt)
associated with the decay channel &om a state with spin
J to a final state with spin Jy. The total decay width I"

is the sum of the partial widths over all decay channels,

The terms "photon scattering" and "nuclear resonance flu-
orescence (NRF)" will be used synonymously throughout the
text.

I'IG. 2. In photon scattering experiments mainly dipole
transitions are induced from the ground state Jo of the ex-
amined isotope. The decay of the populated levels J back to
the ground state (I's) as well as to other excited levels (Fy)
is observed in the experiment. The total width of the excited
level is I' = I'p + P I'y.
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and of the final state as well as on the angle 0 extended
by the bremsstrahlung beam, the target, and the Ge de-
tector. I'0 and I y denote the partial decay widths to
the ground state and other states, respectively. Integrat-
ing over the energy one gets the total differential cross
section for bremsstrahlung scattering,

do. 2 2 2J+ 1 I'y W(J Jp 8)
dO 2JO+ 1 I' 4' (4)

Photon scattering spectra of the isotopically enriched
Nd target were recorded simultaneously under angles

of approximately 90, 130, and 150 . Figure 3 shows
the angular-correlation functions for the various possi-
ble spin cascades assuming pure dipole radiation. As the
angular-correlation functions are nearly identical it was
not possible to determine the spin of the excited states
with the present statistics of the measurements. There-
fore, we evaluate the spectrum recorded at 130 where
W(J, Jp, 0) 1.0 for all possible spin cascades in order
to calculate the integrated cross section I, . From I, we
extract the spin-dependent ground-state decay width

1-(2J+1)1'.=, ! 1+—
!
E„'I..

8 ~bc '
q I'p) (5)

Here I'x/I'p is the measured branching ratio to the first
excited state. The factor s

——(2Jp + 1) arises from
the ground-state spin Jp ——7/2 in Nd. For dipole
excitations in Nd the spin factor takes on the values
(2J + 1) = 6, 8, and 10 for the spins J = 5/2, 7/2, and
9/2, respectively.

To obtain the absolute transition strengths B(E1),
B(M1), or B(E2) (neglecting possible admixtures of
other multipolarities), I'p is normalized with the tran-
sition energy

B(IIX)$= B(IIX;J + Jo) = b,„', := b I"'s,
(6)

where 6 p is a constant depending on the parity and mul-
tipolarity of the transition. While the ground-state tran-
sition width I'0 can only be extracted &om our experi-
ment as &+ I'p, the B(IIA) t values are again indepen-p+1
dent of the spin:

B(ll~; J,~J) =
2Jo+ 1

+ '
B(ll~; J~J,)

2J+ 1 I'o

2J + 1 E2A+1

r, )
(vr hc) 2 Ez"—' ( I'p )

III. EXPERIMENTAL RESULTS

For the three types of transitions we have considered (i.e. ,

El, Ml, and E2) we obtain from Eq. (6) the relations

B(E1)g [e fm ] = 0.955 x 10 I"p' [meV/MeV ], (8)

B(M1)$ [p~] = 0.0864I"p' [meV/MeV ], (9)
B(E2)t [e fm ] = 1245I'p' [meV/MeV ] . (10)

L.
L

I' IG. 3. Angular-correlation functions for the different
possible spin cascades in Nd assuming pure dipole or
quadrupole character. The overlapping solid lines indicate
cascades of the type 7/2 -+ 3/2 ~ 7/2 or 7/2 ~ 5/2 —+ 7/2&
the dashed line indicates a 7/2 ~ 7/2 —+ 7/2 cascade,
and the dotted line corresponds to cascades of the type
7/2 ~ 9/2 —+ 7/2 or 7/2 -+ 11/2 —+ 7/2. All functions
are identical for an observation angle of 127 with respect to
the incoming photon beam.

Tables I and II summarize the experimental results
&om our photon scattering experiment on Nd. The
error in the excitation energy E is &1keV. The angular-
correlation coefficient Wps/W&3p is determined from the
normalized peak areas detected under 95 and 130 . If
one assumes either pure dipole or pure quadrupole char-
acter for the depopulating transition, one expects in both
cases a value Wps/esp 0.95 which is in agreement with
most of the measured ratios.

The integrated cross sections I, of the states are de-
termined directly &om the measured peak areas through
a normalization to the detector efBciency and to the ab-
solute photon flux. The absolute photon flux is deter-
mined &om the simultaneously measured Al calibra-
tion target. A recent self-absorption measurement on

Al con6rmed the lifetimes of the levels, from which the
level widths and thus the the cross sections can be de-
duced. These lifetimes were used for the calibration of
the present experiment [26]. Due to a lack of Al calibra-
tion lines below 2.2 MeV, the integrated cross sections of
levels in Nd with low excitation energies have a large
systematic error.

The next columns of Tables I and II give the ground-
state decay widths I'0. In Table I the spins of the excited
states are known and we can give the reduced ground-
state decay widths I'p/E3 from which the corresponding
B(IIA) values are easily computed using Eqs. (8)—(10).
In Table II we give the B(IIA) values under the assump-
tion of electric dipole character. Reduced ground-state
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TABLE I. Energies, spins, and parities J, strength ratios under 95 and 130', integrated cross
sections I„ground-state decay widths I'o, and energy-reduced ground-state decay widths I'o' for
levels observed in Nd with spins known from other experiments. The appropriate B(IIA; Jo —+J)
values are easily deduced from the table using Eqs. (&)—(1O).

Energy
(MeV)
1.407
1.431
1.555
1.739
1.851
1.911
1.995
2.011
2.091
2.222
2.317
2.558

9/2
11/2
5/2-
9/2
7/2
5/2
5/2+
9/2+
7/2+
5/2+

(7/2)
(9/2)'

E2
E2
E2
E2
E2
E2
El
El
El
El

(El,M1)
El

Wg~/Whoso

0.84+0.24
0.65+0.25
1.11+0.17
0.57+0.25
1.38+0.33
1.58+0.61
1.90+0.96
1.03+0.14
2.63+1.70
2.35+0.81
1.86+1.55
0.88+0.20

I,
(eV b)

20.7+6.7
18.9+6.3
25.9+7.3
11.3+3.2
10.2+2.9
5.4+1.5
4.1+1.7

20.4+1.8
2.3+1.2
3.6+0.9
2.0+1.0

13.7+2.5

r.
(meV)

8.6+2.8
6.7+2.2

21.8+6.1 2,
7.1+2.0
9.2+2.6
6.8+1.8
5.7+2.3

17.2+1.5
15+8

6.2+1.6
2.7+1.4

18.6+3.4

pred
0

(meV/MeV +
)

1.56+0.50
1.12+0.37
2.39+0.67
0.44+0.12
0.42+0.12
0.27+0.07
0.72+0.29
2.12+0.19
1.6+0.9

0.57+0.15
0.22+0.11
1.11+0.20

Remarks

b, c

b, c

b, c

J from Ref. [32]."J from Ref. [21].
'Branching ratio was taken from Ref. [21].

decay widths as well as B(IIA) values depend on possi-
ble branchings to states other than the ground state. If
no branching is observed in our experiment but informa-
tion &om other studies exists, we discuss the inBuence
in the text. In Table II the states with unknown spins
are summarized. Following the arguments in the previ-
ous section, we give the spin dependent decay widths gIO

where the spin dependent factor is g = s (2J + I).
A typical NRF spectrum of Nd is shown in Fig. 4.

The strong line at 2.982 MeV originates &om the cali-
bration standard Al.

A. States with known spins

Energy W&s/WJ3Q
(MeV)
1.690
2.415
2.493
2.554
2.629
2.926
2.968
3.046
3.073
3.081
3.089
3.214
3.246
3.269
3.317
3.448
3.519
3.759

1.02+0.25
1.17+0.47
1.29+0.43
1.34+0.54
1.02+0.64
1.03+0.07
0.55+0.13
0.78+0.12
1.07+0.20
0.96+0.32
1.74+0.49
0.80+0.28
0.93+0.10
0.85+0.14
0.83+0.33
1.00+0.33
0.52+0.24
1.41+0.35

I,
(eV b)

14.7+4.8
4.9+1.1
4.4+1.0
3.5+1.2
2.3+0.8

35.6+2.5
11.9+1.4
14.1+1.3
9.9+1.3
4.8+1.0
4.1+1.0
4.2+1.0

24.1+2.2
16.7+1.6
9.2+1.2
6.4+1.4
8.1+1.3

11.6+2.1

gr.
(meV)

10.9+3.6
?.4+1.7
7.1+1.6
6.0+2.0
4.2+1.4

79.3+5.7
27.4+3.1
34.0+3.2
24.4+3.1
12.0+2.5
10.3+1.2
44.7+10.2
66.1+6.0
46.5+4.5
26.4+3.6
19.7+4.4
26.1+4.3
42.5+7.8

B(IIA; Jo-+J)
(10 e fm )
2.16+0.72
0.51+0.11
0.44+0.10
0.34+0.11
0.22+0.08
3.03+0.22
1.00+0.11
1.15+0.11
0.80+0.11
0.39+0.09
0.33+0.04
l.29+0.30
1.84+0.17
1.27+0.12
0.69+0.10
0.46+0.11
0.57+0.10
0.76+0.14

Branching to 3/2 level at 742 kev observed.

TABLE II. Energies, strength ratios under 95 and 130',
integrated cross sections I„ground-state decay widths gIO,
and B(IIA; Jo~J) values for hitherto unknown levels in

Nd. We use gI'0 ——
2J ~yI'0 Although the multipolari-2Jp+1

ties are not known, we compute B(IIA; Jo —+J) values under
the assumption of IIA = E 1.

600 =

500:—

A1

143Ng

400:—

+ 300'=

P, OO:—

0
100 —.

3000 3200

Energy [keV]

3400 3600

FIG. 4. NRF spectrum of Nd between 2.8 and 3.6MeV.
The strong line at 2.982 MeV belongs to the Al calibration
standard.

We will start by discussing the results summarized in
Table I which gives those levels for which the spins have
been determined in other experiments. Many of those
levels have a dominant 2+ f7/2 or 3 f7/2 structure,
i.e. , they are members of the one-phonon-particle multi-
plets. As noted above the strengths of these low-lying
transitions have relatively large systematic errors due to
the uncertainty of the photon-Hux calibration at energies
below 2 MeV.
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(a) The 9/2 levels at 1407 and at 1739 keV. Both lev-
els have been described as a mixed configuration consist-
ing of the hg~z-neutron excitation and the 9/2 member
of the f7g22+ multiplet [21]. (This multiplet arises from
the coupling of the f7y2 neutron and the quadrupole vi-
bration at 1576 keV in the core nucleus ~4 Nd. ) The 1407-
keV state has a ground-state decay width I'p=8. 6+2.8
meV which corresponds to a half-life Tqy2

——53+&3 fs. The
excitation at 1739 keV has a ground-state decay width
I'p ——7.1+2.0 meV. Including a 2% branching to the 1431-
keV level, as observed by Wrzesinski et al. [21], we obtain
T,(,——63,4 fs.+25

(b) The 11/2 level at 1431 keV. This is the only
quadrupole excitation observed in our (p, p') experiment.
It results from the coupling of the f7y2 neutron to the 2+
vibration in Nd. From the integrated cross section
I,=18.9+6.4 eVb we calculate a half-life Tq/2:68 y7 fs.
This value should be compared to Coulomb-excitation
experiments performed by Dragulescu et al. [27] yielding
a half-life Ty/2 —135+14 fs.

(c) The 5/2 levels at 1555 keV and at 1911keV. The
former level has been interpreted as the J = 5/2 member
of the f7g2 2+ multiplet. Wrzesinski et al observ. ed an
11'%%up branching to the 3/2 level at 742 keV. With this
branching we deduce a half-life Tz/q

——186+43 fs which
is in agreement with the findings of Wrzesinski et al.
(T~~2 (500 fs). The 1911-keV level has a large f~y2 C3 4+

component. We determine a half-life Tz/2 ——67+&4 fs.
(d) The 7/2 level at 1851keV. This is another mem-

ber of the f7y2 C3 2+ multiplet; its half-life is Tqg2
——50+zj

fs.
We note that we found another hitherto unknown level

in this energy region at 1690 keV. As discussed above we
are not able to determine the spin, but the decay width
(gI'p ——10.9+3.6 meV) is comparable to those observed
for the states discussed above.

Discussing these 2+-particle excitations we note that
the 2+ level at 1576 keV in the core nucleus Nd has an
integrated cross section I,=29.6+7.7 eV b which yields a
half-life Tz/2

——117+24 fs. This value was observed in an
experiment by Pitz et al. [16] and is in agreement with
the value deduced from the Nd-target contamination
in the Nd target in the present experiment.

(e) The 5/2+ levels at 1995 and at 2222 keV. Those
levels have integrated cross sections of I,=4.1+1.7 and
3.6+0.9 eVb, respectively. The former state can be de-
scribed by a dominant 3 f7y2 structure whereas the
latter has a significant contribution from the vd&&2-hole

excitation (see Ref. [21]). We note that both levels have
very short half-lives Tjg2 (0.1 ps.

(f) The 9/2+ level at 2011 keV. This level is a member
of the 3 f7/2 multiplet. The level is strongly excited in
our experiment and decays to the ground state only. Its
half-life is T&~2

——27+2 fs which corresponds to R(E1)g=
(2.75 + 0.25) x 10 e fm .

(g) The 7/2+ level at 2091 keV. This is another member
of the 3 fqgz multiplet. We observed only the ground-
state transition because the transition to the 5/2 state
at 1555 keV and of the transition to the 9/2 state at
1407 keV (each of which is three times stronger than

the ground-state transition) are located at energies where
the exponentially increasing bremsstrahlung background
makes their detection virtually impossible. Including the
branchings from Ref. [21] the ground-state decay width
increases to I'p ——15+8 meV. Therefore the lifetime of this
state is comparable to the lifetime of the 9/2+ level at
2011 keV, even though the errors are fairly large.

(h) The (7/2) level at 2317 keV and the (9/2)+ level
at 2558 keV. The structure of these states is unknown.
Both have been observed in the Ce(n, np)~ Nd and
in the Nd(p, p') Nd experiments [21,22]. The latter
state has a very short half-life Tz/z

——25+4 fs.

B. States with unknown spins

Besides the levels discussed above we excited a number
of hitherto unknown levels. As we explained in the second
section it was impossible to determine the spin of these
states in our NRF experiments. Therefore they may have
spins ranging from J = 3/2 to J = 11/2. From our sys-
tematic studies on numerous even-even nuclei where the
spins can be determined unambiguously and from the
comparison of levels excited in our experiments on odd-
A nuclei with other experiments we know that nearly
exclusively dipole excitations are populated. In the case
of Nd this means that the observed levels are likely to
be J = 5/2, 7/2, or 9/2.

One can distinguish two groups of new levels in the
experiment:

(a) Four levels between 2.4 and 2.8 MeV;
(b) 13 levels between 2.8 and 3.8MeV for which we

assume a two-phonon-particle 2+ 3 I3 f&~2 structure.
Besides those two groups we observed one additional level
at 1.690 MeV which was discussed above. We note that
no level was observed above 3.8 MeV up to the endpoint
energy of 4 MeV.

The structure of the first group of levels is not very
clear. In (p, p') experiments on the neighboring even-
even nucleus Nd two 2+ levels at 2.385 and 2.846 MeV
and one 1+ level at 2.583 MeV had been observed [16].
In Nd the four states at 2.415, 2.493, 2.554, and 2.629
MeV have similar cross sections around 4 eV b.

With the coupling of the quadrupole with the octupole
vibration in the core nucleus Nd one creates a multi-
plet of states with J =1 to 5 . In the neighbor nucleus

Nd the additional neutron can couple to these excita-
tions and create 31 two-phonon-particle states. Fifteen
of these states have the appropriate spin to be popu-
lated by dipole transitions from the ground state if one
assumes strong mixing between states with equal spin.
The excitation energy should be close to the energy of
the multiplet in the core nucleus, i.e., around 3.4MeV.
The details of the core-particle coupling will be discussed
in the next section. Here we will concentrate on possible
candidates for these two-phonon-particle states observed
in the experiment.

The strongest excitation observed in this experiment
was in fact observed near 3.4 MeV, i.e. , at 2.926 MeV
with an integrated cross section of I,=35.6+2.5 eVb.
This amounts to a reduced transition strength from the
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ground state of B(E1)t= (3.0 + 0.2) x 10 e2 fm . An-
other strong transition was observed. from the level at
3.246 MeV with I, = 66.1 + 6.0 eVb. This results in
a reduced transition strength from the ground state of
B(El)t= (1.84 + 0.17) x 10 e fm .

The level at 3.214 MeV shows a branching to the erst
excited state at 742 keV of I'/I"o ——4.0+0.9 with I' and I'o
as defined in Eqs. (1) and (2). The strength distribution
for these and the other states between 2.8 and 3.8 MeV
is shown in the upper part of Fig. 6 below. As explained
in Sec. II we give the spin and energy reduced ground-
state decay widths times a factor 6 which converts the
strengths into units of 10 3

t fm .
If one assumes that all observed transitions between 2.8

and 3.8 MeV have electric dipole character, one obtains

) B(El)$ = ) B(E1;JomJ„)

= (13.6 + 1.8) x 10 e fm .

Later we will see how this value can be compared to the
E1 strength measured in the core nucleus Nd.

IV. THEORETICAL CALCULATIONS

Hc = rQj, p,+ r'Tsts, p +g(a a)(ng+ nf). (14)

In order to fix all parameters a simultaneous fit of Nd
and Nd was performed.

We included the f~~2, ps~2, hsy2, and iis~2 single-
particle states in the calculations. The single-particle
energies were Axed from the observed splittings of states
having large amplitudes of the single-particle states, e.g. ,
the two lowest 9/2 levels for the hs~2 amplitudes. They
are in good agreement with those obtained in a detailed
study of the K = 83 isotones [29].

The computed one-phonon particle multiplets served
to fix the core-particle QQ interaction strength r and the
quadrupole moments of the core phonon states. In Fig. 5
we show the experimental one-phonon-particle multiplets
together with the computed states. A satisfactory over-
all agreement was achieved. We adjusted q so that the
one-phonon-particle multiplets were shifted down by 0.2
MeV. This shift does not alter the structure of the multi-
plets, but it greatly improves the correspondence between
experimental and theoretical states. The actual calcula-
tions were performed using the computer code COUPLIN

by Donau [30] and. were carefully checked against similar
calculations using the computer code PC@ oDD by Heyde
and Brussaard [31].

A. Level energies B. Transition strengths

In order to describe the experimental data, we per-
formed theoretical calculations in a simple core cou-
pling model with quadrupole-quadrupole (QQ) interac-
tion. An octupole-octupole (TsTs) interaction was also
included but only a few states of the phononparticle
multiplets were afFected considerably. As a good descrip-
tion of the core nucleus Nd is needed, we compute the
energies and quadrupole moments of i42Nd using the sdf
interacting boson model [28]. The Hamiltonian for the
core can be written as

H = ednd + efng —rQ . Q, (12)

where nd and nf count the number of quadrupole and
octupole phonons, respectively. Q is the quadrupole op-
erat, or and is written in terms of boson creation and ani-
hilation operators as

We used the harmonic approximation for the energies of
the one-phonon states and used the QQ interaction to
compute the energy splitting of the 2+ 3 multiplet.
The coupling constant K was determined from the exper-
imentally known energy of the 1 member of the two-
phonon multiplet and the presumed multiplet centroid
energy E«„&, ——E2+ + E3-. No other states besides the
2+, 3, and 2+ |33 multiplet were included in the model
space.

At the same time the coupling of the odd neutron to
the one-phonon states in the core was computed via the
coupling Hamiltonian

Electric dipole transitions from the ground state to the
two-phonon multiplet were also computed. We exploited.
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FIG. 5. Computed and experimental low-lying one-

phonon-particle multiplets. The overall agreement is good.
As we did not include the g9/2 single-particle level, the com-
puted energies of the 9/2+ levels are too high.
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the fact that Nd has one neutron outside a magic core.
The odd neutron should therefore be coupled weakly to
the core and we can assume that the only contribution
to the B(E1) values from the state J to the ground state
7/2 comes from the underlying 1 ~0+ transition in the
core. An additional contribution to the E1 transitions
comes &om the 3& ~2& transition of the core which is of
similar magnitude to the 1 ~0+ transition. However, in
the states near 3 MeV in Nd the 3& —+2& contribution
to the total B(El) value is only of the order of a few
percent or less. E1 transitions between diferent single-
particle states were neglected.

As we want to compare the theoretical values with
these Rom the experiment we give B(E1)t values. Fol-
lowing the arguments presented in Sec. II, these can be
derived from the (p, p') experiment without needing to
know the spins of the excited states. Figure 6 shows the
distribution of E1 strength up to 4 MeV. One can clearly
see a good reproduction of the computed and the exper-
imental El strength distributions. The calculated El
strength is concentrated between 2.8 and 3.8 MeV. The
sum'med transition strength as well as the &agmentation
reproduce the experimental situation rather well. In the
calculations no strong E1 transitions were found above 4
MeV.

In our previous Letter [24] the El distribution was
computed under the assumption that only the 1 ~ 0+
E1 transition of the core led to large E1 transitions of
the coupled system. We also neglected the inQuence of
single-particle states other than f7g2 As was .expected,
the inclusion of more single-particle levels and the correct
treatment of the 3 + 2+ contribution to the El values
significantly improved the correspondence between the
experimental and the computed El strength distribution.

If the B(E1) values of all states containing a 1 f7/2
amplitude are summed up, one Ands

) B(EI)$ = ) B(E1;Jom J„)~43NQ

= B(EI;0+ml )~42Nd,

) B(E1)t143Ns——(13.6 + 1.8) x 10 e fm (16)

[cf. Eq. (11)].According to Eq. (15) this value should be
compared to the value in the core i42Nd:

B(E1;0++1 )142Ns ——(16.3 + 2.4) x 10 e fm . (17)

If one takes into account that the ground-state wave func-
tion of Nd contains only a 75% 0+f7y2 component
[33], we expect a QB(E1)t value of

) B(E1)$143Ns——(12.2 + 1.8) x 10 e fm .

As these values are among the largest B(E1) values
known, we find a good agreement between theory and
experiment, again strongly supporting the argument in
favor of the proposed underlying two-phonon-particle
structure of the observed levels around 3 MeV. It is worth
noting that the calculations show no significant amount
of Ml strength in the energy region between 2.8 and 4
MeV. This also supports our assumption of positive par-
ities for the observed levels.

where Jo ——7/2 . This sum rule valid for extremely weak
particle-core coupling is easily derived and well known.
For the experimental two-phonon-particle states in Nd
one finds the experimental value

V. CONCLUSION
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3 x f7'~
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, l. l ~

3
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A nuclear resonance Quorescence experiment was per-
formed on the odd-A nucleus Nd. Absolute transition
widths, cross sections, and lifetimes were extracted for
a number of states below 4 MeV. The levels between
2.8MeV and 4MeV have large B(E1)g values. These
states are interpreted as members of a 2+ 3 f~y2 mul-

tiplet which was observed in Nd for the first time. The
QB(E1)g value exhausts the sum rule for weak particle-
core coupling and supports this interpretation. Calcula-
tions in a core-coupling model were performed and were
able to reproduce the main features of the observed levels
and the observed distribution of B(E1) strength among
them.
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