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Total cross sections for the '5 "5iEu(p, n) '5"5'Gd reactions have been measured between 5 and

12 MeV. We observe a significant (~ 35%) enhancement of the cross sections for '"Eu relative

to ' 'Eu and find that the enhancement below —10 MeV is due largely to the shape difference
between '"Eu(P2 0.13) and '"Eu (P2 0.28).

In a recent experiment, we used targets of natural euro-
pium to accurately measure the ' " 3Eu(p, n)'5" 3Gd

excitation functions between 5 and 12 MeV. We find that
the cross sections for ' Eu, o(153), in the rising portion
of the excitation function are enhanced relative to those
for '5'Eu, o(151). This observation is particularly in-

teresting because it is consistent with nuclear structure
work in the europium, N 89, region. These studies do-
cument significant changes in nuclear properties due to a
drastic change in the equilibrium ground-state shape. In
this Rapid Communication we present evidence that the
behavior of our measured cross sections is due to the shape
difference' between 's'Eu (p2 0.13) and ' 3Eu (p2

0.28).
An observation similar to ours has been noted in neu-

tron total cross-section [a„(T)]measurements for the
even-even Nd and Sm isotopes. 2 To our knowledge,
however, ours is the first measurement which shows an
"enhancement" with charged particles and which isolates
the effect for a specific reaction channel. We find that our
measured enhancements are nearly an order of magnitude
larger than those from the tr„(T)measurements. We dis-
cuss some features of this comparison later in the text.

Our experiments were carried out at the tandem Van de
Graaff facility at Centre d'Etudes, Bruyeres-le-Chatel,
France (CEB). We used beams of protons in the energy
range between 6 and 12 MeV to irradiate single- and
multiple-foil stacks of specially fabricated targets of natu-
ral Eu203. The targets were made by thoroughly mixing
chemically pure Eu20i with a polyimide resin, thinly
spreading the mixture over a smooth surface, and then
curing the material at -260'C to form sheets. From
these sheets, target foils 25.4 mm in diameter were cut
that had areal densities of —15 mg/cm2. Approximately
one third of the density was due to elemental Eu. The
foils were intercompared for homogeneity and areal densi-
ty of Eu by x-ray fluorescent spectroscopy. Selected foils
were assayed by gravimetric methods to determine the
weight percent of Eu metal. This provided an absolute
calibration for the relative areal density measurements
made by x-ray fluorescence. Only foils uniform to better
than 2% were used for the irradiations. The areal densi-

TABLE I. Decay scheme data for ' " Gd.

' 'Gd (t t2 125.6 d) '

Z (keV)
l„(%)

153.6
6.20 b

174.7
2.98 '

243.2
5.58 '

Gd (titi 237.9 d) '

E (keV)
l„(%)

97.43
27.60'

103.18
20.45 '

'The half-lives are recent measurements due to Nethaway (Ref.
6).
The I„for the I 53.6-keV y of ' 'Gd is the average of 6. 1 (5%)

of Ref. 7 and 6.3 (4%) of Ref. 8.
'The other y-ray intensities were adjusted slightly from those in

the literature to fit the relative intensities measured at CEB.
The I„for the 97.43-keV y ray is from Ref. 9.

ties were determined to an uncertainty of ~ ~ 1%.
During an irradiation, the beam incident on a target

was swept in a square 8 & 8 mm to minimize heat loading
and to ensure that any small nonuniformities in the foil
would cause no substantial error in the cross-section mea-
surement. The ' 'Gd and ' Gd y-ray activities from the
foils were measured on large-volume germanium detectors
at the radiation counting facility of CEB. Measured de-

cay rates were converted to the number of Gd atoms pro-
duced during the irradiation using the decay scheme infor-
mation in Table I, and by using the isotopic abun-
dance' values for natural europium of 47.8% for '5'Eu
and 52.2% for '53Eu.

Since the target foils had a total thickness of —15
mg/cm2, the beam suffered significant energy degradation
during its passage through a single foil. We calculated
the energy losses through individual foils and through foil
stacks which were composed of as many as three Eu foils
interleaved with thin Al-degrader foils. The energy loss
through a typical foil was 0.4-0.6 MeV for 10-MeV pro-
tons. Depending on the number of foils in a stack, the
losses could accumulate to several MeV at the lowest

beam energies. To check the accuracy of our energy-loss
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calculations, we measured the energy loss experienced by
protons through single foils and through foil stacks. These
measurements were conducted at several incident particle
energies in the range 3-12 MeV. The calculated energy
losses agree with the measured values to better than 3%.

The results of our measurements are shown in Fig. 1 as
a plot of [tr(153) —cr(151)j/a(151) vs F., where F. is the
effective energy of the protons in the foils. The feature we
wish to emphasize in Fig. 1 is the clear enhancement of
the 's3Eu cross sections relative to those measured for
' 'Eu. The scatter of the data reflects uncertainties asso-
ciated with individual foil uniformity, beam energy,
beam-current integration, and counting statistics. Be-
cause we used foils which were homogeneous-isotopic
mixtures of ' 'Eu and ' Eu, any uncertainty in proton
energy would not alter the data comparison. However,
the positions of the enhancement ratios on the energy
scale are affected by energy errors, but these errors are
~ 100 keV and are not significant in Fig. 1. In addition
(see Table I), for the ' 'Gd data we have an uncertainty
in I„of+ 3% and for ' Gd an uncertainty of ~ 5%. In
Fig. 1, the shaded area noted represents the upper and
lower bounds on our data that could result from the I, un-
certainties. The other uncertainties discussed previously
affect the data comparison in only a minor way.

A simple comparison" of ' 'Eu and ' 'Eu shows that
these nuclei are similar; they are adjacent odd-A nuclei
with identical ground-state spins and parities ( —', ). Thus,
our observed enhancements cannot be due to entrance-
channel angular momentum differences. Also, it is highly
unlikely that the enhancements are due to difference in
the energetics governing the reaction processes. The Eu-
Gd mass differences are virtually identical ' (6151—465+ 5 keV, 5153 —484 ~ 5 keV), therefore, the
reaction thresholds are nearly equal. Thus, with these
conditions and using simple optical- and statistical-model
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FIG. I. The (p, n) cross-section differences for '5'Fu aud
' 'Eu, divided by the "'Eu(p, n) cross section. The upper and
lower bounds of the shaded area indicate the maximum range
that could occur in the interpretation of the data due to uncer-
tainties of +' 3% in I„'sfor ' 'Gd and + 5% for ' 'Gd. The lines
labeled CC and SPH refer to our theoretical calculations for
coupled-channel and spherical-optical models, respectively.

arguments, we would expect only small differences in the
cross sections if both target nuclei were spherical. This
conclusion is confirmed by a statistical-model calcula-
tion' with spherical optical model potentials. ' The re-
sult is shown in Fig. 1 (curve SPH). Note that the con-
ventional definition of nuclear radius R =ROB' gives
only -0.4'k radius difference between ' 'Eu and ' Eu.
However, if these calculations are performed with an
-3% larger radius for ' Eu, we can reproduce the
enhancements observed. This supports the conclusion that
our data can be accounted for, if we properly include
entrance-channel nuclear-shape differences in our calcula-
tions.

To consider such an effect more quantitatively, we es-
timated the theoretical (p, n) cross sections by combining
results from a spherical-statistical-model (SPH) calcula-
tion' with those obtained from the coupled-channel (CC)
code JUPITOR, which explicitly accounts for deformation
effects. We first used the code to calculate the reaction
cross section cr(R) for the ' "s Eu+p reactions between
5 and 12 MeV using collective-model parameters previ-
ously published. ' For '5'Eu, we treated the nucleus as an
odd-A vibrator and coupled the 0-, 196-, 308-, and 506-
keV states to a single one-phonon excitation with P2 =0.13
in a nonadiabatic mode (NACC). These states are the
most strongly excited states in (p,p') studies' and are be-
lieved to have the following" spin parities, respectively:

, and —,
'+. We treated 's3Eu in an adiabatic

approximation mode (ACC) which effectively couples all
the rotational members of the ground band. The coupling
schemes noted above are justified by nuclear structure ar-
guments along with the data presented in Ref. 1. For the
nuclear potential, we used the Becchetti-Greenless (BG)
spherical optical-model potential given in Ref. 14, but ad-
justed the surface term WD downward by 20% to account
for our explicit treatment of the inelastic channels. For
these calculations, we used complex coupling throughout,
and for ' Eu we used Pi 0.28 and included the effect of
P4 0.06.

Instead of a coupled-channel Hauser-Feshbach statis-
tical-model calculation, we made the following approxi-
mate calculation to determine the (p, n) cross sections.
We ran the statistical model code STAPRE (Ref. 13) to
calculate the reaction and (p, n) cross sections with the
nonadjusted BG spherical' potential. We can assume to
good approximation that at low energies the (p, n) to re-
action cross-section ratios are equal for both the
spherical-statistical model and a more realistic calculation
for the deformed nuclei using the CC formalism. Thus,
we can write o(p, n)cc=cr(R)cc[o(p, n)spH/o(R)spHJ.
The procedure carries with it the implicit assumption that
the spin distribution for o(R)cc is the same for rr(R)spH
The assumption is expected to be valid at lower energies
where the inelastic cross sections are small. At higher en-
ergies, the effects of the inelastic channels on the spin dis-
tribution become progressively more important and our
procedure becomes less valid. Also, at low energies, the
only competing channel comes from the (p, y) process.
However, for F~ & 7.5 MeV the (p, 2n) channels open;
thus, for Fz ~ 10 MeV, where these cross sections become
appreciable, we can expect additional difticulties from this
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procedure.
In Fig. 1, we show the results of our calculated en-

hancements from a spherical-optical-model calculation
(SPH) and from the coupled-channel calculations (CC)
with the deformed potentials. The enhancements calcu-
lated from the spherical-statistical model are due com-
pletely to the mass and isospin dependence in the optical
potential' and in the level-density prescription. ' These
calculations miss the data generally by a factor of three
and are therefore quite inadequate to account for our ob-
servations. By using the coupled-channel formalism with

deformed potentials, however, we significantly improve
the agreement for E~ & 10 MeV. We remark here also
that our CC calculated (p, n) excitation functions agree
very well with the experimental data at low energies but

begin to depart noticeably from the measurements at
E~-9 MeV.

The general disagreement between our calculations and
experiment beyond 9-10 MeV is due primarily to an im-

proper characterization of the statistical-model parame-
ters associated with the (p, 2n) competition. We have

used only global optical potentials and the level densities
from a Gilbert-Cameron prescription' with parameters
from Rose and Cook. '7 Further refinements in the calcu-
lations will require a better characterization of these mod-

el features in the A —150 region. Thus, with the present
form of the calculations and given the approximation
made, making parameter adjustments to better fit the
data at higher energies is unwarranted. Clearly, it would

be most desirable to obtain the (p, n) cross sections for
both nuclei from a statistical model that uses the
coupled-channel formalism. At low energies, where we

have good agreement with our calculations, there is only
one minor competing channel [(p, y)] and the effect of the
inelastic channels is relatively small. However, as the pro-
jectile energy increases, this coupling becomes progres-
sively more important and would be expected to be a non-

negligible feature in any realistic calculations for higher
energy (p, xn) processes.

We mentioned in the introduction that the measured
deformation-dependent enhancement for o(p, n) is much
larger than the saine enhancement for the total neutron

cross section [a„(T)].Some of the difference between
these two enhancements can be attributed to the large
neutron shaped elastic cross section that is included in

cr„(T). In order to understand this comparison more
thoroughly and also because of the fact that ct(p, n) is

nearly equal to the absorption cross section [tr(R)] over
most of the energy range covered by our measurements,
we have investigated' the deformation dependence of
a(R) for proton and neutron reactions with 's'Eu and
'5iEu. We have used the BG (Ref. 14) potential and a re-

cently evaluated potential for ' " Eu by Macklin and

Young. '9 We show that the deformation-dependent en-

hancement in a(R), in general, is much larger for protons
than for neutrons. Although the cross-section magnitude
produced by each potential is different, a significantly
larger enhancement for protons over neutrons is a con-
sistent feature of these calculations. We also mention that
the larger cross section enhancement of protons over neu-

trons still prevails even if the contributions of the inelastic
channels are added to cr(R).

We believe that our data provide an excellent and

unique opportunity to test reaction-model calculations in

spherical and deformed nuclei. In addition to the data de-
scribed here, we have also measured (d, 2n) excitation
functions for the same target nuclei. The data show

enhancements for deuterons similar to those for protons.
However, the analyses are still preliminary and the results
will be reported later. Additional data for E & 11 MeV
for both protons and deuterons are also being acquired
and will be used to identify any shape effects at higher en-

ergies using more realistic coupled-channel Hauser-
Feshbach calculations.
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