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Deformation change at N = 89 Proton inelastic scattering at 12 Mev on ' " '53Enf
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Scattered protons from ""'"Eu were measured with an Enge split-pole spectrograph at a bombarding
energy of 12 MeV. Rotational states up to I~ = 7 were observed in» Eu. Values of the deformation
parameters were extracted from the scattering data using distorted-wave and. coupled-channels techniques.
The analysis suggests values of P2 for '~" ' 3Eu to be 0.13, 0.28, and 0.28, respectively. For " ' Eu
I34 is found to be +0.06. The data for '» Eu suggest that the low-lying members of'the E=4, [m'3/2(411),
v 11/2(505)] band are populated in the (p,p') reaction. This population is consistent with estimates of the
degree of Coriolis mixing of this band with the E = 3; I m5/2(413), v 1 1/2(505)] ground band.

NUCLEAR REACTIONS ' ' 5' 53Eu{p,p'), E&=12 MeV; measured E& and 0{0),
split-pole spectrograph; DWBA and couple-channel analyses; deduced levels, J,

P2, and P4, isotopically enriched and radioactive targets.

NUCLEAR STRUCTURE 52Eu, assigned Nilsson configurations.

I. INTRODUCTION

The europium isotopes in the region centered
about A = 152 are of special interest because they
apparently span an abrupt transition region. At
N = 89, a change occurs in the ground state equili-
brium shape and in other nuclear properties as
well. These changes are experimentally well doc-
umented' and their abrupt nature is suggested by
isotope shift data' on the europium nuclei between
151&A& 154. These data show that there is a
strong increase in the change of the mean square
nuclear charge radius when one neutron is added
o "'Eu.
For the odd-A europium isotopes centered about

N = 89 (A=151, 153), the properties of the low-lying
excited states have been well measured and exten-
sively studied. Early Coulomb excitation experi-
ments on '"Eu suggested that the low-energy
structure could be interpreted as resulting from
the coupling of a proton quasiparticle to a 2' vibra-
tion. ' A subsequent calculation by Sen' based on
very similar assumptions was only partially suc-
cessful. Dracoulis and co-workers have attempted
to describe the low-lying structure of both '"Ku
and ~"Eu in terms of the Nilsson model by includ-
ing the effects due to the Coriolis interaction. By
assuming that isxEu is a weakly deformed rotors, 6

(P 0s. 16), the calculations suggest that the ground
state is the —,

"member of a severely distorted
—,[411] rotational band. A similar calculation' with
P, -0.32 in '"Eu indicates that the general features
of the —', [413] ground band and of other low-lying

structures are fairly well reproduced. These
Nilsson model calculations qualitatively explain
some features of the two-nucleon transfer data~'
and suggest that the model can be applied equally
well across the S = 63 transition region.

The N = 89 species '"Eu has been the subject of
intense experimental study" "and available evi-
dence suggests that all the low-lying levels can be
interpreted in terms of two quasiparticles strong-
ly coupled to a well deformed core. For example,
early work by Takahashi et al." suggested a de-
formed structure for both the '"Eu ground state
and for other low-lying structures as well. Sub-
sequent charged particle experiments, "particu-
larly those of Jolly et al." showed that the ground
state can be interpreted as resulting from the anti-
parallel coupling of two Nilsson type orbitals. '
&—', [411]and v —", [505]. By contrast, the work of
Borovikov et al." reaffirms the idea" that states
with quite different natures may exist near the
ground state in '"Eu.

Single nucleon transfer data"" connecting the
europium isotopes between 151(A( 153 suggests a
similarity in shape and structure between the
ground and low-lying states of ', "Eu and '"Eu but
not between those of '"Eu and '"Eu. In particular
a recent study of the '"Eu(d, t) reaction" indicates
that the observed cross sections cannot be ex-
plained solely on the basis of configuration differ-
ences between the target state and states of the
'"Eu residual nucleus. It appears that a change in
the nuclear shape plays a significant role in ex-
plaining the observed strong (d, t) hinderences.
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This observation is consistent with the trend sug-
gested by the isotope shift data and somewhat in-
consistent with the interpretation of Dracoulis and
co-workers.

To further probe the nature of the shape transi-
tion in the region of europium nuclei, we have in-
vestigated the inelastic scattering of 12-MeV pro-
tons from isotopically enriched targets of ""'"Eu
and from a specially constructed '"Eu radioactive-
(13 yr) target. We have also compared the data
with the results of distorted-wave Born approxi-
mation and adiabatic coupled- channels calculations.
Some of these results have been reported previous-.
ly 16

II. EXPERIMENTAL PROCEDURE

The experiments were performed using a beam
of 12-MeV protons from the EN-tandem accelera-
tor stage of the Lawrence Livermore Laboratory
(LLL) cyclograaff facility. Isotopically enriched
targets of each europium isotope were obtained
from selectively enriched samples of europium ox-
ide using the LLL magnetic isotope separator. In
all cases, the targets were supported on a 50-p, g/
cm' carbon substrate and each had a thickness on
the order of 40 p, g/cm'.

A special fabrication of the '"Eu target began by
neutron irradiating a 1.7-mg sample of enriched
'"Eu,O, for 41 h at the Oak Ridge high flux isotope
reactor. After irradiation, the sample contained
substantial amounts of the short-lived decay pro-
ducts '"Sm and '"Gd which cannot be separated
from '"Eu by a magnetic separator. These impur-
ities were removed prior to isotope separation by
ion exchange chemistry in a remotely controlled
hot cell. The details describing the preparation
of this target have been published elsewhere. "

The elastic and inelastic proton groups were mo-
mentum analyzed in an Enge split-pole magnetic
spectrometer. For the various experiments, par-
ticle detection was achieved in the spectrometer by
either photographic plates, a Si(Li) position-sen-
sitive detector, or a position-sensitive delay-line
proportional counter. " Due to the small disper-
sion of the spectrometer and the relatively poor
position resolution (1 mm) of the delay-line pro-
portional counter, high resolution spectra were
taken with photographic plates (&E-7 keV). The
range of excitation energy covered in each experi-
ment depended on the detection apparatus mounted
in the spectrometer focal plane. The energy range
of the Si(Li) position sensitive detector was limited
to about 250 keV and the delay-line proportional
counter extended the range tq about 1 MeV. In
principle, the photographic plates viewed a range
extending to many MeV but analysis was not per-

sued beyond 800 keV. The spectrometer was cal-
ibrated using scattered proton groups form '"Eu.
The energies of the levels populated by inelastic
scattering in this nucleus are precisely known. '

Angular distributions were measured for proton
scattering on '"Eu and "'Eu at 10' intervals be-
ginning at 30' using both the Si(Li) and the delay-.
line wire proportional counters. Scattering from
"'Eu was recorded at 30 and at a few selected
back angles. A Si(Li) surface barrier detector was
mounted at 120' to monitor the elastic events dur.-
ing the scattering experiments. The monitor coun-
ter was calibrated in separate experiments when
elastic events were simultaneously recorded in the
monitor and in the spectrometer at settings of 120
and 30'. Using these data, the elastic events reg-
istered in the monitor at 120' during an exposure
could be converted to an equivhlent number reg-
istered by the spectrometer if it were set at 30'.
Absolute differential cross sections were obtained
by combining calculated elastic cross sections
at 30' with the number of counts registered by the
spectrometer for a particular proton group and the
suitably converted monitor counter recording. The
elastic cross sections used for normalization were
obtained for "'Eu through a distorted-wave Born-
approximation (DWBA) calculation. " For '"I"'Eu
similar calculations were made using an adiabatic
coupled-channels code" (see Sec. IV). For the
europium isotopes considered, the calculated
elastic cross section at 30' does not appreciably
differ ('&+3%) from the results of a simple Ruther-
ford scattering calculation.

HI. RESULTS

Table I gives the energies of the low-lying levels
populated by proton inelastic scattering from

Eu. The energies for the A = 151,152
isotopes were measured by using "'Eu as the ener-
gy standard. A composite display shown in Fig. 1
compares the proton spectra below -600 keV ob-
served at 130 for each nucleus. The data were
obtained with the delay-line proportional counter
and are plotted on the same energy scale to facil-
itate comparison. The spectra are intensity nor-
malized so that the number of integrated counts in
the elastic peak is the same for each spectrum.

A proton spectrum of scattering from '"Eu taken
at 120' and recorded on photographic plates is
shown in Fig. 2. The overall energy resolution is
-'l keV and is the best we were able to obtain. The
inelastic scattering peak at 122 keV due to '"Sm
goted in Fig. 1 is not present in the plate datg be-
&ause there was a -4 mo interval between the two
IE,'xperiments. During this time, the radioaetitve
&"Eu target accumulated -1% by weight of the '"S~
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(keV) '
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'"Eu
gI' (keV)

~++b

195.5 + 1.5 (2 )

308 +2

89.7+ 0.5 4

200.9 + 1.0 5

281 +3

583 +5 (2 ) 286 +3

600 + 5 (+2 ) 333.0 + 1.5 6

506 +3

+b
o

83.37

193.06

325.o6 (~2 )

481.05 (~2 )

TABLE I. Low-energy levels in ' ' 3Eu populated
by proton inelastic scattering. The Eu level energies
were taken from Bef. 1. Values quoted for ~ ~' Eu are
measured using ~53Eu as the energy standard.
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c Complex peak.

decay product. In the spectrum and extending be-
yond an excitation energy of -600 keV, there .are a
number of peaks that correspond to light impur-
'ties present in the commercially produced carbon
lsubstrate.

The differential cross sections measured for
proton scattering from ""'"""Euare given in
Table II. Angular distributions for '"""Euare
plotted in Fig. 3. In '"Eu a state at 22 keV has
been observed in a number of experiments. ' Fig-
ure 4 shows a plot of the '"Eu elastic peak and em-
phasizes the region in which a peak due to the ex-
citation of the 22-keV level is expected. Within
the experimental uncertainty of the data, there is
no evidence that the level is inelasticly excited.
We can use the data in Fig. 4 to set an upper limit
on the excitation of this state if we assume that the
maximum height of a possible inelastic peak is
-2o', where a represents the statistical uncertainty
of an average data point shown in the inset of Fig.
4. In this way, we determine that the possible ex-
citation of the 22-keV level is almost certainly
&0.07 mb and very probably no more than half that
value.
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IV. DISCUSSION

A. Scattering from Eu and Eu

The spin parity of the '"Eu ground state is mea-

FIG. 1. Proton scattering spectra from '~ ' 5 Eu ob-
tained at 130' with the delay-line proportional counter
mounted on the magnet focal plane. The peak at 122
keV in the Eu spectrum is due to scattering from

2Sm. The data are normalized so that each elastic peak
has the same integrated count.
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FIG. 2. High resolution proton spectrum recorded on photographic plates from the Eu {p,p') reaction. The inset
shows the weak excitation of the 472-keV level at 130'.

et a/. ' In" Eu the measured rotational parameter
is 12.0 keV and implies that the moment of inertia
and hence the deformation is somewhat larger (-7%)
for '"Eu.

The data in Fig. 1 strikingly exhibit the similar-
ity of the (p, p') excitation of '"Eu and '"Eu and the
corresponding dissimilarity of '"Eu. Since both
"'Eu and '"Eu have the same ground- state spin
parity —,", the difference in their corresponding ex-
citation patterns emphasizes the existence of the
ground- state deformation change at N = 89 first
noted in the isotope shift measurements. ' An ad-
ditional measure of the deformation change is ob-
tained by comparing the total collective strength
observed in the excitation of the three nuclei. Al-
though impurities in the target backing preclude
considering the strength contributed by higher ex-

cited states, we have made the comparison for lev-
els with E„&600keV. With this constraint, we
estimate that the observed collective strength for
the Eu or Eu j.s larger than that for ~ Eu by
only a factor of 2 or 3.

The proton angular distributions measured for
'"Eu and "'Eu were compared with calculations
using a coupled-channels technique which employs
the adiabatic coupling approximation" (ACC) and
with calculations using the distorted-wave Born ap
proximation" (DWBA). The use of ACC for inelas-
tic scattering is a good approximation when the nu-
cleus is well deformed and when the projectile en-
ergy is much larger than the rotational excitations.
Also, making the calculation with ACC is advantag-
eous because it includes all the rotational states of
the excited band in the coupled-channels problem.
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TABLE II. Absolute differential cross sections.

%as

Eu(p, p')(mb/sr) '

83 keV 193 keV 481 keV

30
40
50
60
70
80
90

100
110
120
130
140

8302 + 800
2167 + 132

894 + 51
426 + 27
256 + 14
125 + 7
65.4+ 4.7
49 + 5
38.1 + 2.3
29.2+ 1.8
21.1 + 1.3
16.2+ 1.0

2.48 + 0.63
3.03 +0.73
2.27 +0.58
2.10+ 0.18
1.63 +0.16
1.50 + 0.14
1.5 +0.3
1.61 + 0.14
1.52 + 0.14
1.25 + Q.12
1.11+0.11

0.82 + 0.21
1.35 + 0.26
1.06 + 0.13
0.93 + 0.09
0.64 + 0.10
0.61 + 0.06
0.6 + 0.1
0.65 + 0.05
0.63 + 0.05
0.54 + 0.05
0.51 + 0.05

0.09+0.02

0.10+ Q.02
0.04 + 0.01
0.04 + 0.01

0.05 + Q.01
0.07 + 0.01
0.07 + 0.01
0.07 + 0.01

0.013 + 0.004

0.020 +0.005
0.022 +0.005
0.023 ~ 0.005
0.024 ~ 0.005

Eu(p, p') (mb/sr)
90 keV 201 keV 333 keV 490 keU

30
40
50
60
70
80
90

100
110
120
130

8310
2176

941
420
266
131
68.6 +
48.9 +
40.2 +
32.0 +
23.7 k

800
133

57
26
15

8
4 4
3,0
2.5
2.0
1 ' 5

2.38+ 0.61
4.15+ 0.83
2.51+0.63
2.29 ~ 0.20
1.71 ~ 0.17
1.44 + 0.14
1.68 + 0.32
1.67 + 0.16
1.68+ 0.16
1.41 + 0.13

0.70 ~ 0.18
1.40 + 0.28
1.01 ~ Q.13
0.75 ~ 0.07
0.57 ~ 0.09
0.51 + 0.05
0.55 + 0.12
0.57 + 0.05
0.61 + 0.05
0.52 + 0.04

Q, 10 +0.02
0.05 + 0.01
0.04+ 0.01
0.05 + 0.01
0.06 +0.01
0.07 +0.01
0.08 +0.01

0.010+0.003
0.013+ 0.004
0.014 + 0.003
0.025 + 0.005
0.017+ 0.004

01ab 0 kev

~ 5~ Eu(p, p') (mb/sr)
195 keV 308 keV 506 keV 583+600 keV

30
110
120
130

8257 + 800
46.6 + 2.9
34.4 + 2.2
24.1+ 1.5

0.109+0.011
0.096 +0.010
0.084+ 0.009

0.62 + 0.05
0.56 + 0.04
Q.48 + 0.04

0.31+0.03
0.31+ 0.03
0.26 +0.02

0.075 + 0.010

0.046 + 0.007

The errors indicated in each column are statistical only and do not
the absolute cross section which is probably about 15-20%.

"The quoted cross sections for levels below 250 keV are the average
per iments.

'Except for the points at 100 and 140, the quoted cross sections for
are the average of two independent experiments.

include the error in

of two independent ex-

levels below 250 keV

As indicated by the data in Fig. 3 the agreement
between experiment and the ACC calculations for
'"Eu and '"Eu shows that these nuclei both have
rather large quadrupole deformations and measur-
able hexadecapole deformations. The optical po-
tential (see Sec. fVC) used to achieve the fits in
Fig. 3 is identified as row ACC in Table III and the
appropriate deformation parameters are summar-
ized in Table IV.

The sensitivity of the coupled-channel calculations
to P~ is illustrated in Fig. 5. Calculations using
0, =0.28 and various values of P~ are compared
with the scattering data for the I'=6, 333-keV

level in '"Eu. The effect is identical for the 7
state as well as for the corresponding excited ro-
tational states in '"Eu. The calculations unambig-'

uously require a positive value of P4 to fit the up-
sloping trend in the experimental data. Moreover,
the result P, =0.06 is consistent with values ob-
tained for other strongly deformed nuclei in the
general mass region" 150~A» 160.

We note that- the values of the deformation para. -
meters P, and P, used for the '"Eu and '"Eu calcu-
lations are identical. This is in contrast to the ob-
servation. that the rotational energy spacings sug-
gest a somewhat higher deformation for '"Eu. The
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FIG. 3. Angular distributions for levels observed in the
Eu (p,p') reactions. Comparisons of the data with

results from the ACC and DKBA calculations are noted.
The various calculations use the optical model parame-
ters noted in Table III.
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errors in the scattering data and the inherent un-
certainties (see Sec. IVC) in the coupled-channels
calculations preclude a meaningful adjustment of
P, and P, to achieve agreement with the differences
in the inferred moments of inertia.

The importance of using the coupled-channels
calculation for '"Eu and '"Eu is emphasized in
Fig. 3 where calculations using ACC and DWBA
are compared with experiment. The DWBA cal-
culations were made with the program'" DWUCK

using the ff, and 0, values also used in the ACC
calculation. Additionally, the same coupled- chan-
nel optical potential was used except that the sur-
face absorption term was increased by 20/q to ac-
count for the collective channels which are not ex-
plicitly considered in DWBA. These parameters
are summarized in Table III.

FIG. 4. Elastic peak from the ~'Eu(p, p') reaction.
The inset accentuates the region of the elastic peak
where the excitation of the 22-keV level is expected.
Within experimental error, the data show no evidence
for exciting this level.

The agreement of the DWBA results with the
elastic and inelastic A. = 2 states (those connected
by one-step l = 2 transitions from the ground state)
is fair, while the calculation misses reproducing
the excitation of the X = 4 states by factors of 5'

to 10. The failure to correctly reproduce the scat-
tering frorp the A, =4 states occurs because DWBA
neglects the virtual two-step process which con.-
nects the strongly excited X=2 states through P,
with the X=4 states.

TABLE III. Parameters of the optical potential for proton scattering by Eu nuclei.

Calculation
V

(MeV)
R ~ W' W' R

(fm) (fm) (MeV) (MeV) (fm)
Q Vso Rc

(fm) (Me V) (fm)

DWBA
56.7
56.7

1.204 0.741
1.204 0,741

10.5 1.311 0.590
12.6 1.311 0.590

1.201
1.201
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TABLE IV. Summary of deformations derived from t'he
proton inelastic scattering experiments.

TABLE V. Summary of the quadrupole deformations

(p2) derived from the D%BA analysis of the Eu (p, p')
reaction.

Nucleus

151Eu
152Eu

153Eu

Calculation

DWBA
ACC
ACC

0.13
0.28
0.28

B. Scattering from Eu

0.06
0.06

&ex

(ke V)

195.5

308

506

~+
2

X+ 2+ X+
2 02 02

~+
2

110
0.131

0.128

0.140

120'
0.117

0.116

0.134

130'
0.120

0.117

0.134

The scattering data measured f rom the "'Eu
(p, p') reaction at 110', 120', and 130' were anal-
yzed with a DWBA calculation. The nucleus was
assumed to be a spherical harmonic vibrator and
the calculations were done using a complex collec-
tive model form factor. The optical model para-
meters (Table III) were those used in the DWBA
analysis of '"Eu and '"Eu. With this optical mod-
el set, the measured elastic cross sections are re-
produced to within a few percent by the DWBA cal-
culation.

Experimentally we have estimated (Sec. IVA)
that the collective strength in '"Eu is over a fac-
tor 2 less than that in either '"Eu or '"Eu. This
reduction in the collective strength is not sufficient
to abandon a coupled-channels calculation in favor
of DWBA." However, in both deformed europium
nuc1.ei, it was further noted that, after an appro-
priate change in the optical potential, the excita-

I
'

I
'

f
'

I
'

l
'

t

152EU

]Q—1

P4
= +0.06

P =QQ

P4
= -0.06

)0-2 I i I i I i l i I i I ) l

40 60 80 100 1 20

e[gb ~deg~

FIG. 5. The effect of changing P4 on the ACC calcula-
tion of the angular distribution for the 333-keV state in

Eu. The calculations were made with p2= 0.28 and
unambiguously show that the data require a positive val-
ue of P4.

The assigned spin parities are in accord with Ref. 25.
See text.

tion of states directly coupled to the ground state
through P, can be reasonably reproduced by a
DWBA calculation. On this basis, we assume that
a DWBA calculation can be used in '"Eu to ex-
tract a value of P, which should not differ radically
from one derived from a coupled-channels calcu-
lation. " This assumption is weakl. y supported by
the good correspondence of the "'Eu elastic scat-
tering data to the DWBA calculation.

The P, values were extracted from the experi-
mental data in Table II using the relation

(2I, + 1) ~ (2l + 1) o'„,(8)
(2I,+ 1) (r,~(8) '

where o(8) is the differential cross section at a
scattering angle 8. The subscripts identify &r(8) as
either an experimental (exp) or a DWBA calculated
(DW) cross section. Additionally, I„ I, and I& are,
respectively, the initial target spin, the trans-
ferred angular momentum (I = 2 for excitation of
levels connected by P, ), and the final state spin.
A summary of the extracted values of P, for '"Eu
is given in Table V. The strongly excited states
in the inelastic scattering reaction are given spin-
parity assignments based on the results of Ref. 25.
As noted in the table the level at -308 keV is in-
terpreted as an unresolved triplet of states and the
extracted values of P, are based on this interpret-
ation. A simple average of the data in Table V
gives P, =0.13+0.01. This result is somewhat
smaller than P, values derived from B(E2) mea. -
surements quoted in the tables "of Stelson and
Grodzins for even-even vibrators isotonic with
5iEu: 0.190~ isoSm~ 0 165~ &52Gd. This suggests

that the '"Eu levels strongly popu1ated in the

(p, p') reaction can be most simply interpreted as
arising from simple 2' core excitations.

As a group the derived values of P, are constant
to within+10% but show systematic variations.
The values obtained from the cross sections at
110' are systematically higher than those obtained
from measurements at either 120' or 130'. Simil-
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aril. y, these values obtained for the 506-keV level
are also systematically higher than those obtained
for the other levels. The source of the deviations
with respect to the scattering angle is not clear
but the discrepancies are probably not serious in
view of the inherent uncertainties in the DWBA an-
alysis. The variations noted for the 506-keV level
may be due to the presence of a low- spin positive-
parity level which neither our experiments nor
previous experiments have been able to isolate.

C. Comments on the scattering calculations

Kurepin and, more recently, Feix ef al."have
pointed out the importance of the assumed charge
distribution in coupled-channel calculations in-
volving the scattering of low-energy particles.
In our- ACC calculations, we have used a deformed
homogeneous charge distribution and because our
proton bombarding energies are near the Coulomb
barrier energy, the derived values of P, are very
likely somewhat higher than mould be admitted if
we had used a more realistic charge distribution.
For example, Kurepin ' has pointed out that the
12-MeV (p, P') excitation of the 2' (X =2) state in
'"Sm is found to be larger when calculated with
a more realistic diffuse (Fermi) charge distribu-
tion. An equivalent excitation which is calculated
using a homogeneous charge distribution would re-
quire a value of P, about 15 percent larger than
that used with the Fermi distribution. A related
study" by Feix ef a/. measured 17-MeV deuteron
scattering from U and compared the data with
coupled-channel calculations using the Fermi
charge distribution. This treatment differed from
Kurepin's because the charge and mass distribu-
tions were differently parametrized. However,
these data also suggest that a homogeneous charge
distribution tends to overestimate P,

Possible uncertainties in the derived values of

P4 are quantitatively more difficult to estimate but
arise both because me use an idealized charge dis-
tribution and because the multipole expansion of
the optical potential is treated only to fourth order.
Kurepin obtains only a fem percent difference be-
tween calculations for the excitation of the 4'(X =4)
state in '"Sm using the homogeneous and Fermi
charge distributions. Corrections of only a few
percent are also expected if the higher order
terms are included in the potential expansion.
Both these corrections are estimated to act co-
herently and to increase the rel.ative separation
between the calculated A =2 and A =4 angular dis-
tributions for '~'Eu and '"Eu. This suggests that
a more refined cal.culation. with appropriately ad-

justedd

values of P, and P, might better fit the X = 4
states and thereby improve the overall agreement

with the data. Whether a consideration of these
higher order effects can account, say, for the dis-
crepancy of nearly a factor of 2 in the excitation of
the I {'"Eu) and ~3'('"Eu) states seems rather
doubtful.

The optical parameters used to fit the '"""Eu
scattering data are a slightly modified version of
those obtained from Kurepin's analysis of the
'"Sm (P, P') reaction at 12 MeV. We used an iden-
tical real-volume potential but changed both the
depth and the shape of the imaginary-surface po-
tential to achieve a better overall fit. Our absorp-
tive potential is 20%%uo deeper and has radial and dif-
fuseness parameters which differ by-5'%%uo. The
effect of the spin-orbit potential was tested by do-
ing a somewhat truncated calculation on '"Eu.
Over the angular range spanned by our data, the
results of calculations with and without the inclu-
sion of the spin-orbit interaction were virtually
identical. For this reason, effects due to this in-
teraction have been excluded in both the ACC and
DWBA calculations.

The scattering data from '"Eu were not analyzed
with a coupled-channels calculation because the
appropriate odd-A spherical problem could not be
done with our version of the computer code. How-

ever, as outlined in Sec. IVB, a limitedbut mean-
ingful and consistent analysis of the scattering
from '"Eu, '"Eu, and '"Eu was made with DWBA.
The important feature of these calculations is that
the same optical potential was used to treat all
three nuclei. This implies that the explici. 't collec-
tive effects neglected in DWBA but accounted for
in the absorption potential (Wn) are the same. In

general, this cannot be true for nuclei which have
significant variations in their collective properties.
However, the estimated difference in the collective
strength of only a factor 2 or 3 between '"Eu and

' 5 Eu js not sjgnjfjcantly large and majntajn-
ing the same DWBA potential for all three nuclei
is a good first order approximation. Thus, the
DWBA analysis as it was applied to '"Eu very
probabiy underestimates P, because W~ in the op-
tical potential should be somewhat smaller than
that for either '"Eu or '"Eu. A small downward
adjustment in W~ would not significantly change the
agreement with the '"Eu elastic data but would
give a smaller value of on„(8) and, thus, referring
to Eq. (1), this would give a somewhat higher P,

Major differences in the optical potential for
'"Eu, "'Eu, and '"Eu should not exist if all three
nuclei were treated with a coupled-channels calcu-
lation, In principle, explicit treatment of collec-
tive effects removes fluctuations jn the optical
model parameters across nuclei with varying col-
lective properties. This situation has been de-
scribed in some detail by Glendenning et al."
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V. SUMMARY AND CONCLUSIONS

%e have measured elastically and inelastically
scattered protons from '"Eu, '"Eu, and '"Eu at
a bombarding energy of 12 MeV. An analysis of
the scattering data shows the unambiguous pres-
ence of very mell-behaved ground-state rotational
bands in '"Eu and in '"Eu. On the other hand, the
levels strongly excited in "'Eu are consistently
interpreted by assuming that the nucleus has a
spherical structure near the ground state. The
quadrupole deformations for '"Eu and '"Eu der-
ived from these experiments are probably accur-
ate to +20%%uo, although they agree to +10%%uq with tab-
ulated values derived from ground-state quadru-
pole moment measurements. A determination of
P, for '"Eu and "'Eu was also made, and is consis-
tent with values observed for well-deformed nuclei
in the range 150&2& 160.

The extremely well-behaved ground- state rota-
tional structure in '"Eu is very probably due to
the influence of the —", [505] Nilsson orbital in the
intrinsic part of the ground-state wave function. "
The transition at N = 89 suggests that, as has been
found""'" ' in '"Eu, other low-lying states in
'"Eu may not have a large and stable deformation
if the neutron is not in this oz'bital. This hypothe-
sis may be checked by a "'Eu(p, f) reaction. Al-
though '"Eu also has a 3 ground state, there is
rea, son to believe that, unlike '"Eu, the intrinsic
configuration is &&[411], v&[521]. For the N&89
stable deformed Gd nuclei, the odd neutron is
known to be in the &[521] orbital. " If the odd neu-
tron is constrained to this orbital, then a 3 ground
state can most reasonably be accommodated by hav-
ing the odd proton in the &[411]orbital. This situ-
ation for '"Eu would be consistent with the Gallag-
her-)Vloszkowski coupling rules" for odd-odd nu-
clei where the parallel alignment of the nuclear
spins (3 ) would be expected to have a lower ener-
gy than the corresponding antiparallel alignment
(0 ). If '"Eu has a, stable deformation independent
of the single quasiparticle status of the ~[505] or-
bital, then, as was the case in a recent "'Lu(P, f)
reaction, " the '"Eu(p, f) reaction will show an ex-
cited rotational band with the appropriate unfrag-
mented intensity pattern. On the other hand, frag-
mentation of the (P, t) strength will indicate the
possible coexistence of spherical or weakly de-
formed states. The observation of a large degree
of fragmentation would be particularly interesting
since the proposed structure of the '"Eu ground
state occurs as a very low excited state" (-76 keV)
in '"Eu. Finally, a (P, f) reaction on '"Eu would
be interesting because it provides the possibility
of observing whether the N= 87 species, "Eu has
a strong deformation associated with the v-,'[413],

152EU
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FIG. 6. Levels and configuration assignments for lev-
els populated in the '~2Eu(p, p') reaction.

v+'[505] conf iguration.
A number of other states in '"Eu have been

weakly populated in the (p, p') reaction. Although
there is insufficient data from our studies alone to
make any definitive assignments, we speculate that
these additional states probably arise from the
neutron occupying the —", [505] orbital. On the basis
of electromagnetic transition data, von Egidy et
a/. "have assigned a level at 287.2 keV as the
bandhead of the 4, [&$411), v~(505)] configura-
tion. The 5 rotational. state is tentatively identi-
fied with a level at 397.0 keV. In our (p, p') stud-
ies we observe a level at 286+3 and a possible
level at 406 +4 keV. These levels are believed to
be the spin 4 and 5 members of the excited
~[505] band proposed by von Egidy et al. ' This
excited band is expected to mix weakly with the
K = 3, [&T'(413), v~(505)] ground band through the
Coriolis force and this interaction would. provide
the mechanism whereby the levels could be ex-
cited in the (P, P ) reaction. On this basis and us-
ing the experimental (P, P ) intensities of the 90-
and 286-keV levels we estimate that the degree of
mixing between both levels is -1%. This estimate
is in excellent accord with calculations using
strongly deformed (P, -0.3) Nilsson wave functions,
where the mixing effect is predicted to be -0.7%.
As noted in Fig. 2 the 286-keV level is partially
resolved from a level at 281 keV. Studies of the
('He, &) reaction" populating states in '"Eu have
noted a broad peak centered at 284 ke V which sug-
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gests that both the 281- and 286-keV states are
probably being populated. Population of the 286-
keV level by the ('He, o.') reaction represents ad-
ditional confirmation for the proposed assignment,
since this reaction preferentially populates levels
which require high values of / transfer.

The assignment of the 406-keV level. as the 5
rotational state is based primarily on (p, p') rei-
ative intensity considerations. Using the energy of
this level we estimate a rotational parameter of
-12 keV which is very similar to that measured for
the ground band. Although the evidence for the
population of this level in our studies is rather

weak, we note that the energy value 406 + 4 keV
does not overlap well with the value 397.0 keV
quoted in Ref. 10.

A specific interpretation of the remaining levels
at 281 and 472 keV is not clear. Figure 6 presents
a summary of the levels and configuration assign-
ments suggested for '"Eu by the (p, p') studies.

%e acknowledge the assistance of the staff of the
Lawrence Livermore Laboratory Cyclograaff fac-
ility. %e also wish to thank Veronica B. Lanier
for her careful plate scanning.

*Work performed under the auspices of the U.S. Depart-
ment of Energy by the Lawrence Livermore Laboratory
under Contract No. W-7405- ENG-48.
B. Harmatz, Nucl. Data Sheets 19, 33 (1976); L. A.
Kroger and C. W. Reich, ibid. 10, 429 (1973).

P. Heinecke, Z. Phys. 245, 411 (1971).
30. A. Zavadil and B. Graetzer, Nucl. Phys. A146, 259

(1970).
S. Sen, J. Phys. A: Math. , Nucl. Gen. 6, L45 (1973).

56. D. Dracoulis and J. H. Leigh, J. Phys. G 2, L87
(1976).

6J. B. Leigh, G. D. Dracoulis, M. G. Slocombe, and
J. O. Newton, Australian National University Report
No. ANU-P/655, 1976 (unpublished).

~G. D. Dracoulis, J. R. Leigh, M. G. Slocombe, and
J. O. Newton, J. Phys. G 1, 853 (1975).

8H. Taketani, H. L. Sharma, and N. M. Hintz, Phys. Rev.
C 12, 108 (1975).

D. G. Burke, E. R. Flynn; J. D. Sherman, and J. W.
Sunier, Nucl. Phys. A258, 118 (1976).

' T. V. Egidy, W. Kaiser, W. Mampe, B. G. Lanier, K.
Muhlbauer, O. W. B. Schult, H. B. Koch, H. A. Baader,
D. Breitig, B. L. Mlekodaj, B. K. Sheline, E. B. Shera,
J. Ungrin, P. T. Prokofjev, L. I. Simonova, H. Seyfarth,
W. DeLang, P. Gottel, W. R. Kane, R. F. fasten, H. J.
Scheerer, H. K. Vonach, Munich-Livermore-Rish-
Tallahassee- Los Alamos-Riga- Julich-Brookhaven Co-
operation, [Zeit. fur Physik (to be published)].

~'K. Takahashi, M. McKeown, and G. Scharff-Goldhaber,
Phys. Bev. 8 137, 763 (1965).
O. P. Jolly, D. G. Burke, and J. C. Waddington, Mc-
Master University Report, 1975 (unpublished).

~3A. V. Borovikov, V. S. Gvozdev, .and G. D. Porsev,
Yad. Fiz. 7, 1161 (1968) [Sov. J. Nucl. Phys. 7, 694
(1968)].

~4L. K. Peker, Zh. Eksp. Teor. Fiz. 33, 291 (1957) [Sov.
Phys. -JETP 6, 226 (1958)].

~G. L. Struble, I. C. Oelrich, J. B. Carlson, L. G. Mann,
and H. G. Lanier, Phys. Bev. Lett. 39, 533 (1977).
I. D. Proctor, D. W. Heikkinen, G. L. Strubl, and
R. G. Lanier, Bull. Am. Phys. Soc. 21, 984 (1976);
H. G. Lanier, G. L. Struble, L. G. Mann, I. D. Proctor,

and D. %. Heikkinen, Report No. UCBL-80746, 1978
(unpubbshed).
B.J. Dupzyk, C. M. Henderson, W. M. Buckley, G. L.
Struble, R. G. Lanier, and L. G. Mann, Report No.
UCRL-79837, 1977 {to be published).
B. G. Markham, and R. G. H. Robertson, Nucl.
Instrum. Methods 129, 131 {1975).

' P. D. Kunz, Univ. of Colorado, Boulder, Colorado,
computer code D~CK (private communication).
T. Tamura, Rev. Mod. Phys. 37, 679 (1965); T. Ta-
mura, computer code Juan'oa, Oak Ridge National Lab-
oratory Report No. OBNL 4152, 1967 (unpubblished) .

2'G. H. Puller, J. Phys. Chem. Bef. Data 5, No. 4, 835
(1976).

22A. H. Kurepin, Sov. J. Part. Nucl. 5, 359 (1975).
23N. K. Glendenning, in Nl, cfeax Stmctgxe and Nuclear

Reactions, Proceedings of the International School of
Physics "Enrico Fermi, " Course XL (Academic, New

York, 1969).
2 This statement is not true in general as noted in Ref.

28.
2~6. D. Dgacoulis, J. R. Leigh, A. Johnston, and C. Gar-

rett, Australian National University Report No. ANU-

P/659, 1976 (unpublished).
26P. H. Stelson and L. Grodzins, Nucl. Data'lA, 21 (1965).

W. Feix, W. Wilcke, Th. W. Elze, H. Rebel, J. H.
Huizenga, B. C. Thompson, and R. M. Dreizler, Phys.
Lett. 698, 407 (1977).

28N. K. Glendenning, D. L. Hendrie, and O. N. Jarvis,
Phys. Lett. 268, 131 (1968).

29H. Taketani, M. Adachi, T. Hattori, T. Matsuzaki, and
H. Nakayama, Phys. Lett. 638, 154 (1976).

3 K. E. C. Lobner, M. Vetter, and V. Honig, Nucl. Data
A7, 495 (1970).

3'P. O. Tjom and B. Elbek, K. Dan. Vidensk. , Selsk. ,
Mat. —Fys. Medd. 36, No. 8 (1967).

32C. J. Gallagher Jr. and S. A. Moszkowski, Phys. Rev.
ill, 1282 (1958).

33G. L. Struble, R. G. Lanier, L. G. Mann, R. T. Kouzes,
D. Mueller, R. A. Naumann, F. Girshick, I. C. Oeirich,
and W. H. Moore, Phys. Bev. Lett. 40, 615 (1978).


