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The nucleus ' Nd is studied via the ' Nd(p, p') reaction with 35 MeV protons. Angular distribu-
tions are measured for 13 states; 12 are assigned J"=2+,3, 4+, or 5 . The present results are use-
ful in understanding the nuclear shape transition taking place in the range 1V = 82—90 and in the in-
vestigation of a proposed mixed symmetry mode in ' Nd.

I. INTRODUCTION

The N = 84 isotones provide a particularly interesting
case for studying the competition between collective and
single-particle degrees of freedom. Collectivity is present
at low angular momenta; however, higher spin states are
better described in a single-particle picture. A previous
article' reported on a study of high spin states in the
N =84 nucleus ' Nd by means of a heavy-ion-induced
fusion-evaporation reaction. In the present work we re-
port on a study using proton inelastic scattering of collec-
tivity in the low spin states of ' Nd and the transition to-
ward single-particle structure at the J =4 and 5 states.

One example of collectivity in ' Nd is the mixed sym-
metry vibrational mode, which has been studied exten-
sively in several deformed rare-earth nuclei (see Refs. 3
and 4, and references contained therein). It has been pro-
posed that the mixed symmetry strength in the even-A
N=84 isotones is concentrated in the 23+ states which
have been observed near 2 MeV; however, only limited
information has been available on these states.

In addition to the transition from collective to single-
particle nature which occurs with increasing spin, ' Nd
is located in a region in which a similar transition is tak-
ing place as a function of decreasing neutron number N.
For example, the 4,+ states of the even-A N = 82 isotones
are formed from two-quasiparticle (2qp) couplings of pro-
tons in the d5&2 and g7/2 orbits, while the 4~+ states are

rotational at N=90. The 4,+ states in the N=84 —88
transitional region are not so well understood. Conse-
quently, information on the nature of the 4&+ state of

Nd provides additional understanding of shape transi-
tions which occur as functions of both J and N.

The measurement of isoscalar multipole strengths with
inelastic proton scattering can be used as a tool in charac-
terizing known states. It also allows the observation of
previously unknown states in which multipole strength is
concentrated. The present article reports on a study of
the ' Nd(p, p') reaction with 35-MeV protons. Results
are extracted for 13 states including the 4,+ and 23+ states.
The implications of these results for our understanding of
the evolution of 4&+ states in N = 82 —90 nuclei and for the

identification of mixed symmetry modes in ' Nd are dis-
cussed.

A brief report which concentrated on the excitation
mechanism of the 5 state at 2.093 MeV has been pub-
lished previously.

II. EXPERIMENTAL PROCEDURE

Data on the ' Nd(p, p') reaction were obtained with a
35-MeV proton beam produced by the Princeton Univer-
sity AVF Cyclotron. The protons were scattered from a
1-mg/cm target of self-supporting ' Nd metal isotopi-
cally enriched to 99.8%. Ejectiles were momentum ana-
lyzed using a quadrupole-dipole-dipole-dipole (QDDD)
spectrograph and detected in a position-sensitive gas
counter. The spectrograph and counter system are de-
scribed in detail in Ref. 7. For the present experiment,
the gas counter was capable of detecting proton energies
corresponding to an excitation energy range of approxi-
mately 2.0 MeV in the target nucleus. Spectra were tak-
en with the spectrograph tuned to four energy bites of ap-
proximately 2 MeV each, centered on 0.7-, 1.5-, 2.2-, and
3.3-MeV excitation, with a resolution of 20 keV.

Diff'erential cross sections were measured at laboratory
angles between 15 and 65'. Spectra of proton groups
corresponding to the 1.5- and 2.2-MeV energy bites, each
at a laboratory angle of 21', and to the 3.3-MeV bite at
25', are shown in Fig. 1. Individual states were obscured
at particular angles by peaks corresponding to elastic
scattering from carbon, oxygen, and silicon contaminants
and inelastic scattering from the 1.78-MeV 2+ state of
28S.

III. EXPERIMENTAL RESULTS

Peak centroids and intensities were obtained at each
angle where contaminants did not obscure the peaks.
Where necessary, the Gaussian peak-fitting program
GELIFT was used. The elastic-scattering cross sections
were compared to those calculated using the Becchetti-
Greenless optical-model parameters. As shown in Fig.
2, these parameters reproduce the elastic-scattering data
reasonably well. Therefore, they were used in the subse-

43 59 1991 The American Physical Society



60 P. D. COTTLE et al. 43

500
1.5 MeV bite

4oo 21 deg
+
cu
o~~ 300—

O
(3 2OQ—

100:—

C9

W+

O

lA

O
0)
65
Q)

r 0e jg

00 200 400 600 800 1000

2.2 MeV bite So ~& m

200-
eOQ) o

m
+ ~wc) rQ~O) N~ LA

g)NN CU

CO

O
100-

0
0 200 1000

600:
3.3 MeV bite
25 deg

g 400:-

o 300:
C3

200:

O
CD

)CD

(p ~ i (p

LALA

N (j

100:-

00 200 400 600
Channel

I

800 1000

FIG. 1. Spectra of scattered protons taken at 21 with energy
bites centered at (a) 1.5 MeV and (b) 2.2 MeV excitation ener-
gies, and (c) a spectrum taken at 25' with a bite centered at 3.3
MeV.
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FICx. 2. Experimental angular distribution for elastic scatter-
ing and a theoretical curve calculated with Becchetti-Cxreenlees
optical-model parameters (Ref. 9).

quent analysis of the inelastic-scattering data. The corn-
parison between the observed differential cross sections
and those calculated with the Becchetti-Greenless param-
eters also allows an estimate of 10% for the minimum er-
ror in the measured cross sections. The errors shown in
angular distributions here also reflect uncertainties in in-
tegration of peaks in the spectra.

We were able to recognize all of the states in the 1.5-
MeV energy bite [Fig. 1(a)] from previous studies'0 of this
nucleus with other probes. Our level energies, deter-
mined from a linear energy calibration, agree with previ-
ous results to within 15 keV for each state. The 2.2-MeV
bite [Fig. 1(b)] contained some peaks for which immedi-
ate assignments to known states could not be made. A
calibration for this spectrum was calculated on the basis
of the locations of the peaks corresponding to the 1.315-,
1.511-, and 2.093-MeV states. The calibration yields en-
ergies correct to within 7 keV for the known states; we
quote an error of 25 keV for other states seen in this bite.
Several states appeared in both the 1.5- and 2.2-MeV
bites. Energies of these states obtained via calibrations of
each of these bites were equal to within 7 keV. The 3.3-
MeV bite [Fig. 1(c)],which extends up to an energy of 4.2
MeV, shows several of the higher-energy states from the
2.2-MeV bite, but no other states which were strong
enough for angular distribution analysis. No distinct
states were observed above 3 MeV excitation energy at
any angle.

Table I lists the compiled values' for the energies of
states observed at 2.1 MeV and below, as well as the ener-
gies of all the states observed in our present experiment.
Above 2. 1 MeV, the correspondence between states ob-
served here and those known from previous experiments
is not clear. Therefore, only the energies determined in
the present experiment are listed in Table I for states
above 2. 1 MeV.

Angular distributions were obtained for 13 excited
states with energies up to 3.0 MeV. Unique spins were
obtained for 11 of these states by comparing their ob-
served angular distributions to curves calculated" with
CHUCK for L =2, 3, 4, and 5 single-step excitations. Par-
ities were inferred by exploiting the fact that unnatural
parity states are weakly excited in (p,p') reactions at en-
ergies similar to the one used here. ' Deformation pa-
rameters /3L were obtained using the usual collective
transition potential @LUAU, , /Br. These /3L values were
then used to calculate the isoscalar strengths
B(EL;0+, ~L) via the prescription of Ref. 13, which as-
sumes a sharp edge nuclear matter distribution and a nu-
clear radius of (1.2 fm) 3 '~ . The /3L and B (EL) values
obtained in this way are tabulated in Table I (except for
the 1.315- and 2.093-MeV states, as discussed below).
Experimental and calculated angular distributions for
states assigned L values of 2, 3, 4, and 5 are shown in
Figs. 3—7. We were unable to reproduce the angular dis-
tribution of the 2.954-MeV state (see in Fig. 7) in our cal-
culations for any reasonable L values. No states having
L =6 or 7 were observed in this experiment, demonstrat-
ing that no large concentrations of E6 or E7 strength
occur in any single state below 4.2 MeV.

The energy-weighted sum rule (EWSR) fraction for
each state is also listed in Table I. The particular sum
rule used here is that given by Halbert et al. '

Figure 6 includes data for the previously known 1.315-
MeV 4 state and a best-fit L =4 curve. The fit is clearly
unsatisfactory and no /34 value was extracted from this
single-step analyst, s. A further discussion of this state can
be found in Sec. IVC. In addition, the /3~ value listed in
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TABLE I. Results of ' Nd(p, p') study.

E (rVreV)'

(Previous work)

0.697
1.315
1 ~ 511
2.073
2.093
2.109

E (MeV)"
(Present work)

1.311
1.517
2.066
2.091
2.107
2.347
2.490
2.719
2.771
2.893
2.909
2.954

J7T

(Present work)

2+
4+
3
2+
5
2+
2+
2+
3
4+
4+
2+

0.130(3)
0.09(1)
0.126(3)
0.027(3)
0.07(1)
0.032(3)
0.028(3)
0.030(3)
0.065(3)
0.033(3)
0.030(3)
0.021(3)

8 (EL) (W.u. )

24.2
12.6
23.4

1.0
8.2
1.5
1.1
1.3
6.2
1.7
1.4
0.6

EWSR"
(%)

7.7
1.9
7.5
1.0
1.2
1.4
1.2
1.5
3.6
0.6
0.5
0.9

Energies taken from Ref. 10. Energies above 2.1 MeV are not listed for reasons described in the text.
Errors are +25 keV.

'Energies obtained using calibration described in the text.
Calculated as described in the text.
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FIG. 3. Observed and calculated angular distributions for the
2+ states at 0.697, 2.073, and 2.109 MeV. Details of the calcula-
tions are described in the text.

FIG. 4. Observed and calculated angular distributions for the
2+ states at 2.347, 2.490, and 2.909 MeV. Details of the calcula-
tions are described in the text.
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'FIG. 5. Observed and calculated angular distributions for the
3 states at 1.511 and 2.719 MeV. Details of the calculations
are described in the text.

FIG. 7. Observed and calculated angular distributions for the
5 state at 2.093 MeV and the state of unknown spin at 2.954
MeV. Details of the calculations are described in the text.
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FIT+. 6. Observed and calculated angular distributions for the
4+ states at 1.315, 2.771, and 2.893 MeV. Details of the calcula-
tions are described in the text.

Table I for the 2.093-MeV state does not correspond to
the single-step analysis (Fig. 7). The PL values listed in
Table I for both the 1.315- and 2.093-MeV states are ob-
tained in Sec. IV.

While we were able to associate peaks in our spectrum
with known states in ' Nd at an excitation energy of 2. 1

MeV and below, the increasing density of states made
this task more di%cult above 2.1 MeV. However, a com-
parison of the present data with (n, n'y ) results' allowed
a tentative identification of states observed in the present
work above 2.1 MeV with those complied in Ref. 10. It is
likely that the strong states in our experiment were popu-
lated in direct one-step excitation processes. Therefore,
we would expect that the strong 2+ states seen in this
study would be seen to y decay directly to the ground
state in a (n, n'y) experiment. We exploited this ap-
proach to tentatively identify in our spectrum two 2+
states which also appeared in the ( n, n 'y ) results. The
first of these states, measured to have an energy of 2.368
MeV in the (n, n'y) experiment, is separated by 50 keV
from any other state in that experiment and may corre-
spond to the state observed here, to which we assign an
energy of 2.347 MeV. The second of these states, placed
at 2.527 MeV in the (n, n'y) experiment, is separated by
60 keV from any other state that was seen to y decay to
the ground state; it may correspond to the 2+ state, to
which we assign an energy of 2.490 MeV here.

IV. DISCUSSION OF STATES IN ' "Nd

A. 2 states

Six 2 states were identified. The 2, state at 0.697
MeV was determined to have IrI2=0. 130 [B(E2)=24.2
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W.u.]; this compares quite well with the value of
P =0.1309+0.0036 [B(E2)=24.4+0.3 W.u. ] adopted
by Raman et al. ' from a number of Coulomb excitation
studies. The 22+ state at 1.561 MeV was very weakly pop-
ulated in this experiment, and an angular distribution
could not be determined.

Our result for the 2~+ state at 2.073 MeV [$2=0.027,
B (E2)= 1.0 W.u. ] is of particular interest because of the
proposal by Hamilton, Irback, and Elliot that this state
belongs to a class of states described by Iachello as
mixed symmetry states. These are collective states which
have an isovector character; that is, the proton and neu-
tron "Auids" oscillate out of phase. This suggestion was
based on measurements of y-ray branching ratios from
these states in the N =84 isotones ' Ba, ' Ce, and

Nd. A number of studies of mixed symmetry states
have been performed in deformed even-even rare-earth
nuclei, in which the lowest-lying states of this type are lo-
cated near 2.5 MeV and have J"= 1 . The most com-
monly used probes for these studies have been inelastic
electron scattering and nuclear resonance Auorescence.

For vibrational nuclei such as ' Nd, the lowest mixed
symmetry state has J =2; Iachello estimated that the
electromagnetic matrix element for this state,
B (E2;0+, ~2+ ), would be near 3 W.u. Recently, a
study of a possible mixed symmetry state 2+ at 2.004
MeV in ' Ce has been performed using Coulomb excita-
tion. ' ' In that study, a result of B (E2;0+,
—+2&+)=3.2(5) W.u. was obtained for this state in ' Ce.
This strength is in rough agreement with the general esti-
mate of 3 W.u. given by Iachello.

The B(E2;0+, —+2&+) result for ' Nd from the present
work, 1.0 W.u. , is quite different from the general 3 W.u.
estimate. Furthermore, all of the 2+ states observed here
(except for the 2I+ state) have B(E2;0+, ~2+) matrix
elements of 1.5 W.u. or less, significantly less than the 3
W.u. value. This disagreement suggests that the mixed
symmetry mode may be fragmented among several 2+
states. In fact, Meyer et al. ' have recently proposed
that in ' Nd large components of the mixed symmetry
mode may be present in both the 2&+ state (at 2.073 MeV)
and the 24+ state (at 2.109 MeV), which are in close prox-
imity to one another. The sum of the B(E2;0+, ~2+)
strengths in these two states, 2.4 W.u. , is reasonably close
to Iachello's 3 W.u. estimate, suggesting that most of the
mixed symmetry strength might indeed be divided be-
tween these two states. In this way, the data presented
here support the proposal of Meyer et al. '

Three other 2 states are observed. All three of these
states have B(E2;0+, —+2+) values near 1 W.u. These
states are at least 300 keV away from the 2&+ and 24+

states; consequently, it is less likely that the higher-lying
states contain significant mixed symmetry strength.

B. 3 states

Two 3 states are observed in the present work. The
first is the well-known 3I state at 1.511 MeV. We mea-
sure a B(E3;0+,~3, ) value of 23.4+1.2 W.u. , which
differs from the result obtained via Coulomb excitation'
(30.5+1.2 W.u. ). However, Spear' found that B(E3)

values obtained via (p,p') for A )20 nuclei deviate as
much as 33% (both above and below) from values mea-
sured via Coulomb excitation. Consequently, the 23%%uo

deviation seen between the two measurements is not
surpl ising.

A second 3 state is observed at 2.719 MeV and has a
considerable amount of B(E3;0+,~3 ) strength (6.2
W.u. ). The occurrence of two octupole states separated
by 1.2 MeV is somewhat similar to the observation of two
octupole states in a recent study of the ' Nd(p, p') reac-
tion at 25 MeV. In '" Nd, the 3& state occurs at 2.084
MeV and has a strength of 26 W.u. A second 3 state is
observed at an energy of 3.563 MeV (1.5 MeV higher
than the 3, ) state and has a strength of 2.6 W.u. The 3,
states in '" ' Nd arise primarily from intrashell two-
quasiparticle (2qp) excitations. It is possible that the 3z
states in these Nd isotopes are composed primarily of ex-
citations of neutrons across the N =82 shell gap.

C. 4+ states

The transition of 4,+ states from their 2qp character in
the N =82 nuclei to their rotational nature in the N =90
nuclei was discussed in Sec. I. Here we propose that exci-
tation mechanisms characteristic of both 2qp and collec-
tive structure must be utilized in order to achieve the best
fit to the present data for the 4I state in ' Nd.

The analysis described in Sec. III involves a direct
one-step excitation mechanism. This mechanism is appl-
icable if the 4 state possesses either a 2qp or else a hexa-
decapole vibrational structure which endows the state
with B (E4;0, —+4I+ ) strength. The success of the direct
one-step approach with the higher-energy 4+ states at
2.771 and 2.893 MeV [see Figs. 6(b) and 6(c)] serves to
emphasize its inadequacy for the 4+, state at 1.315 MeV
[Fig. 6(a)].

Although the energy spacing of the Og 2I 4& se-
quence (0, 0.697, and 1.315 MeV) clearly rules out a rota-
tional origin, the nearly equal spacing of these states does
suggest that the 4,+ state may arise from the coupling of
two quadrupole phonons. However, it is straightforward
to demonstrate that the differential cross section observed
in the present experiment excludes a simple two-
quadrupole-phonon origin for this state. If the 4& state
had such an origin, it would be populated via the two-
step excitation mechanism illustrated in Fig. 8(a). A
coupled-channel calculation (with cHUcK) for such a coll-
pling scheme and utilizing for both steps the /3z value of
0.130 obtained for the 2I state underpredicts the
differential cross section by an order of magnitude [Fig.
8(c)].

A coupled-channel calculation using the scheme shown
in Fig. 8(b) demonstrates that the most successful fit is
obtained when both direct and two-step mechanisms are
included. A fit using this scheme is illustrated in Fig.
8(c); a P4 value of 0.09 is used to achieve this fit and is
listed in Table I. Our result supports the conclusion that
significant 2qp and two-phonon components are both
present in the 4&+ state. Coulomb excitation data also
support this view for the following reason. For harmonic
quadrupole phonons, ' B(E2;4&+~2I+) would be twice
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involving successive E2 and E3 excitations, as shown in
Fig. 9(a). A coupled-channel calculation performed using
the code cHUcK and the pz and p3 values obtained for the
2,+ and 3, states (0.130 and 0.126, respectively) under-
predicted the differential cross-section data by an order of
magnitude [see Fig. 9(c)]. Clearly, the cross section ob-
served in this experiment cannot be explained in the con-
text of such a model, and an additional direct E5 excita-
tion mechanism from the ground state is required. A
coupling scheme including both single- and two-step exci-
tation mechanisms [Fig. 9(b)] provides a good fit [Fig.
9(c)] with a value of P5=0.07, which is listed in Table I.

The fit in Fig. 9(c) is not obviously better than that re-
sulting from the simple one-step calculation (Fig. 7).
Consequently, we cannot use our result as evidence for
the presence of a large quadrupole-octupole component
in the wave function of the 5, state. In order to test the
5& more sensitively for the magnitude of its quadrupole-

OCTUPOLE
COUPLED (OC)

FIG. 8. (a) Coupled-channel scheme used to model the two-
step excitation mechanism for the 1.315-MeV 4+ state. (b)
Coupled-channel scheme including direct excitation mecha-
nism. (c) A comparison of the observed angular distribution for
the 1.315-MeV state to the result of the coupled-channel calcu-
lations shown in (a) and (b).

the value of B(E2;2 ~IO+, ). However, Spear et al. '

have found via Coulomb excitation that 8 (E2;2,+ —+4,+)
is 0.100+0.009 e b, much smaller in magnitude than
their B(E2;Os+, ~2I+) value of 0.491+0.004 e b, and
contrary to what would be expected for a pure two-
quadrupole-phonon state.

The result for the 4&+ state demonstrates that rapid
changes in the nature of the states are taking place in

Nd as the spin increases. Both the 2&+ and 3& states
possess 8(EL) values greater than 20 W.u. , signaling
their collective origins. If the relatively large
8(E4;Os+, ~4,+) strength of 12 W.u. in the 4,+ state is
indeed caused largely by the presence of 2qp components,
then this state is clearly less collective than either the 2,+

or 3& state. Furthermore, the presence of both collective
and 2qp components in the 4&+ state is an excellent
demonstration of the nuclear shape transition taking
place between the spherical N =82 isotones and the sub-
stantially deformed rotors at N =90.

D. 5 states

Only one 5 state was observed here, at 2.093 MeV,
but it contained a significant amount of strength, 8.2
W.u. This state had been previously interpreted' as
arising from the coupling of the 0.697-MeV 2,+ and
1.511-MeV 3, states. If this were indeed the case, then
the 5 state would be populated via a two-step process
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FIG. 9. (a) Coupled-channel scheme used to model the two-

step excitations mechanism for the 2.093-MeV 5 state. (b)
Coupled-channel scheme including direct excitation mecha-
nism. (c) A comparison of the observed angular distribution for
the 2.093-MeV state to the result of the coupled-channel calcu-
lations shown in (a) and (b).
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octupole component, it would be necessary to measure
the strength of the E2 transition connecting the 5I state
with the 3, state. Such a measurement might be per-
formed using a technique to measure the Doppler shift of
y rays emitted by the 5 (both the 5 —+3 E2 and the
5 ~4 El transitions) after it has been excited via a
scattering reaction involving neutrons, protons, or heavy
ions.

V. CONCLUSION

The scattering of 35-MeV protons from ' Nd has been
experimentally studied, and angular distributions for 13
states have been measured. Our results support the frag-
mentation of the mixed symmetry strength between the
23+ and 24+ states as proposed by Meyer et al. ' In addi-
tion, our analysis suggests that the 4&+ state of ' "Nd con-
tains both 2qp and two-quadrupole-phonon components.

This result demonstrates that a transition from collective
to single-particle nature is occurring with increasing spin
in ' Nd. Furthermore, our work casts new light on the
transition from spherical to deformed shapes taking place
in the Nd isotopes between N =82 and 90. Finally, we
have demonstrated that the 5 state at 2.093 MeV is not
a pure quadrupole-octupole coupled state. It is clear that
further investigations of the other even-even Nd isotopes
using proton inelastic scattering, as well as other probes
such as (n, n'y) experiments, would yield additional in-
formation on each of the topics discussed here.
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