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A series of (p,t) reactions have been performed at the Maier-Leibnitz Laboratory using beams
of 22 or 24 MeV protons, and the reaction products were analysed with the Q3D spectro-
graph. The goals of the measurements were to investigate the population of low-lying states
in 160:162,164,166 - A number of low-lying 0" states have been observed, and their population
strengths relative to the ground states extracted. The results confirm the strong population of
the 05 state in '*Er observed previously, and that the 05 states in '9%162Er are also strongly
populated, with strengths in the range of 13% to 20% relative to the ground state population.
The strength in 'OEr is consistent with that observed in other N = 92 isotones, and suggest a
common structural feature, possibly related to shape coexistence and the role that the %_ [505]y

configuration is playing in the 02+ states in the N = 90 isotones.
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1. Introduction

There continues to be much interest and debate over the nature of excited 0T states in nuclei,
and even the structure of the Ozr state remains controversial (see, e.g., Refs. [1, 2, 3, 4, 5]). Nuclei
at or near N = 90 have been studied extensively recently [6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16] since
the suggestion that these nuclei could be at the critical point of a quantum shape phase transition
[17, 18, 19, 20, 21]. The rapid transition observed in the structural signatures, such as the energy
ratio of the first 4™ state to that of the first 2* state, as well as the B(E2;0;” — 2| value, as shown
in Fig. 1, indicate that a rapid change in shape occurs as a function of neutron number for the
rare-earth isotones near N = 90. However, whether this is an example of a critical point behaviour
of a phase transition, or shape-phase coexistence, is a subtle point (see, e.g., Heyde et al. [22]).
Critical information in determining the underlying cause of the structural evolution are the nature
of the excited states, and especially the excited 07 states.

One of best methods of identifying 0" states is through the use of two-nucleon-transfer reac-
tions with light-ion beams [23]. In addition to determining the location of excited O states, they
reveal important information on the pairing properties of the states [23]. The ground states of well-
deformed nuclei, which are typically in a superfluid state and form a pairing rotational band [23],
are populated strongly in (p,#) and (¢, p) reactions. The strong populations arise due to the large
overlap of the wave functions between the N and N +2 system when the pair creation or annihi-
lation operator is applied, and are analogous to the large B(E2) values encountered in a rotational
band [23]. For strong population of an excited 0" state, this state must also be composed of many
terms in the wave function such that a coherent summing of individual amplitudes occurs when the
two-particle-transfer operator is applied. An exception to this would be a wave function having a
large amplitude by a configuration having low- j values and hence large intrinsic cross sections.

When employed at beam energies typical of tandem accelerators, the (p,t), (¢, p), and (*He, n)
reactions have very distinctive angular distributions for L = 0 transfers from the 0" ground states of
the even-even targets. However, the shape of the angular distribution is nearly independent of the
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Figure 1: Systematics as a func-
tion of neutron number N of the
E4+ to E»+ energy ratio (bottom)
0 ; | } | } | } | | and the B(E2;0{ — 2{) value
in W.u. (top). The rapid change
across N = 90 is clearly visible.
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in the systematics for the iso-
2L | tones of Nd, Sm, Gd, and Er.
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Figure 2: Calculated angular distributions for the '9Er(p, )!°Er reaction for a 24 MeV proton beam energy.
For each curve, the di-neutron form factor is calculated for the single-particle j as labelled. Shown on the
left are the angular distributions for L = 0 transfers, whereas on the right for L = 2 transfers. The angular
distributions vary greatly in magnitude, but with little difference in shape.

single-particle j-value of the orbital to/from which they are transferred, as shown in Fig. 2. This is
also true for higher L transfers, for example for L = 2 also shown in Fig. 2. Thus, in practice unlike
single-nucleon transfer where a spectroscopic factor is usually quoted, in two-nucleon-transfer
reactions very often the ratios of the excited state cross sections are compared to that of the ground
state.

Figure 3 shows the data comparing the relative strength of the population of the low-lying 0
and 2% states in the N = 90 isotones of '32Sm and '>*Gd. As can be seen, the 05 state is strongly
populated in both the (7, p) and (p,) reactions, whereas the 05 level is strong in the (7, p), but very
weak in the (p,?) reactions. The possible role that the L~ [505] neutron orbital could be playing in
these excitations has been highlighted by Kulp er al. [6, 7] and Sharpey-Schafer ef al. [12, 13].

In order to extend the systematics in the region, and provide complementary data, we have
initiated a systematic study of the Er isotopes using the (p,7) reaction which can be used to reach
as far as the N = 92 nucleus '°Er. This is made possible due to the possession of unique targets
of '%Er and '®*Er, which have natural abundances of only 0.14% and 1.6%, respectively, that were
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_>|3 OOOi F(QJ;),_ 30 m:::; 11‘271 obtained for the '92Er(p,r) reaction
g C= i - = RMSx  2941| Wwith 24 MeV protons. Plotted is a his-
c I _. - AMSy 4301}y togram of the AE vs. E where AE
“bsooj—:_- s ! tritons is derived from an anode layer, and
i 1 E from a plastic scintillator. For the
2000, i- : > appropriate settings of the magnets of
-. = contaminant
= . . the Q3D, both tritons and deuterons
[ ] ) —100 from reactions on the carbon back-

ing foil (labeled contaminant) of the

X same magnetic rigidity reach the focal
5 50 .
- — plane detector. The vastly different
500" =« = = " AE vs. E behaviours, however, allows
— '560' — ‘10100' — '15'00' — '20'00' — 1251001 — 0  for easy identification on an event-by-
Rest Energy event basis.

produced in the 1960’s by passing already enriched samples of '>Er and '%Er through a second
isotope separator and depositing the material directly onto a carbon foil. The final enrichment of
the targets achieved is greater than 99%.

2. Experimental details and results

The experiments were performed at the Maier-Leibnitz Laboratory of the Technische Uni-
versitit Miinchen and Ludwig-Maximilians Universitit Miinchen using proton beams of 22 or 24
MeV provided by the 15 MV tandem accelerator. The beams of up to 2 uA of current impinged
on targets of 162:164166,168E; The products of the reaction were momentum analysed with the Q3D
spectrograph, and detected on the focal plane with a detector that provided AE-AE-E signals for
particle identification, as well as the position on the focal plane derived from the position sensitive
cathode strip. Figure 4 shows the 2-d particle identification histogram of AE vs. E that clearly is
able to distinguish the tritons of interest from the deuterons from reactions on the carbon backing
foil that have the same magnetic rigidity.

The target thicknesses were determined from measuring the proton elastic scattering cross
section, and then normalizing the data to optical model calculations at small scattering angles where
the cross section is nearly completely dominated by Rutherford scattering. Angular distributions
of the cross sections were constructed from the counts observed via

do
N, = EdQN,Nb(LT)e 2.1)

where N, is the number of counts in the peak, dQ is the solid angle of the opening of the spec-
trograph aperture, MV, is the areal density of the target nuclei, N, the number of beam particles as
determined from a Faraday cup placed at 0° downstream of the target, LT is the live time of the
detector and data acquisition system combination, and € is the detector efficiency usually taken
to be unity. In practice, since the same spectrograph and detector are used to measure the target
thickness, many possible sources of systematic uncertainty are minimized. Shown in Fig. 5 is an
example the elastic scattering angular distribution obtained with the '9’Er target. In addition to
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the target thickness, these measurements assist in the choice of the most appropriate set of proton
optical model parameters to be used in the subsequent calculations.

Shown in Fig. 6 is a portion of the spectrum of tritons observed following the '’Er(p,1)
reaction, with some of the more prominent peaks labelled with their excitation energies and I™
values. The ground state band is observed up to spin 6. As can be seen, the 0;’ state at 894
keV is very strongly populated, whereas the 0; level at 1279 keV has approximately an order of
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Figure 6: High-momentum portion of the spectrum of tritons observed at 5° following the '6?Er(p,)'®°Er
reaction with 24 MeV protons.
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Figure 7: High-momentum portion of the spectrum of tritons observed at 5° following the '*Er(p, )2 Er
reaction with 24 MeV protons.
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Figure 8: High-momentum portion of the spectrum of tritons observed at 5° following the '%Er(p,)'**Er
reaction with 22 MeV protons.
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Figure 9: Angular distributions of cross section observed for the '©2Er(p,1)'®Er reaction with 24 MeV
protons. The left panel shows the cross section for population of the 0" ground state, with the right panel
that for the 2| state.

magnitude smaller cross section. Similarly, in the spectrum shown in Fig. 7, the 05 state in 162Ey
at 1087 keV is also very strongly populated, and in '**Er as well at 1246 keV, shown in Fig. 8.

Some representative angular distributions for the (p,#) reactions are shown in Fig. 9, for the
0% ground state and 2+ first excited state of '°Er. The distinctiveness of the L = 0 transition can
immediately be seen. The higher L transfer curves, especially those to low-lying states, often do not
match the predictions of a single step calculation, and to be properly reproduced require coupled-
channel calculations. However, the spirit of the present work is not to have a full reproduction of
the angular distributions, but to identify and extract excited O state strength.

3. Discussion

In order to extract the 0" population strength relative to the ground state, a correction should
be made for Q-value effects. FRESCO calculations were performed for the ground state and excited
states and the strength was extracted via

do |€xc do 185
dQ a9
S = exp  dQ |DWBA (31)

do |85 : do |eX¢
dQlexp dQIDWBA

where g—g :;/ # is the experimental excited state or ground state cross section, and Z—g ZC‘;/;; is that
from the FRESCO calculations.

In the present work, we concentrate on the strength to the first excited 0" state. Shown in
Fig. 10 are the strengths, expressed in percent, for the population of the 05 state relative to the
ground state for the N = 92 isotones. As can be seen, there are consistently strong populations of
the 05 levels for all the isotones where the data are available. This strongly suggests that the 05
excitations in the N = 92 isotones are based on a similar structure. Further, examining the system-
atics as shown in Fig. 11, where strong populations are observed for the 05 states in 160,162,164y
but become very weak for '°198Er, also suggest that the structure of the 02’ states is similar for
160,162,164+ but changing dramatically for '°6:198Er. The population observed at N = 92 for the O;r

level in the (p, ¢) reaction is very similar to that observed for the (p, ) reaction populating the N =90
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Figure 10: Strength, in percent,
for the population of the 05 state
in the N = 92 isotones relative
to that of the ground state in the
(p,t) reactions. The data points
are labelled with the residual nu-
cleus.

isotones as shown in Fig. 3. As it has been conjectured [12, 13] that the %_ [505]y configuration is
playing a significant role in the 05 states at N = 90, which appear to exhibit shape coexistence, this

similarity in population strength at N = 92 (and the heavier Er isotopes with N =94 and N = 96)

may indicate that the same neutron configuration is important for these O; states as well.

4. Summary

Excited states of 100:162,164.166E haye been observed with the (p,?) reaction using 22 or 24
MeV proton beams. The reaction products were momentum analysed with a Q3D spectrograph,
cross sections determined, and angular distributions produced to locate excited 0" states. Strong
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40 —
30 Figure 11: Strength, in percent, for the population of
— the 02+ state in the Er isotope chain, relative to that of
{
s T the ground state in the (p, ) reactions. The data points
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20— + - 160,162,164
ues for the 05 states in """~ >"Er strongly suggest a
| common structure, whereas that for 1°0:18Er are likely
vastly different.
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populations of the 05 levels in 160,162,164 were observed, consistent with the strong population in

the N = 92 isotones of Gd and Dy, and also with nuclei at N = 90. The similarity in population

strength suggests a similar structure, and it is conjectured that the %_ [505]y configuration may be

playing an important role in these states.
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