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Measurements are reported of orientation asymmetries in the forward-angle differential cross sections
for pion single-charge-exchange scattering of aligned and unaligned '>Ho nuclei. The extrapolated 0°
asymmetry of —0.022 = 0.024 indicates a quadrupole deformation ratio 85/85=0.84 + 0.08. This result
conflicts with the predictions of the best available Hartree-Fock models.

PACS numbers: 21.10.Gv, 21.60.Jz, 25.80.Fm, 27.70.+q

The collective behavior of nucleons and the shapes of
nuclei are some of the most basic and intensively studied
issues in nuclear physics.! Extensive information exists
about charge distributions as obtained from electron-
scattering, Coulomb-excitation, and muonic-x-ray exper-
iments.? However, direct experimental information
about neutron distributions is lacking. In the absence of
clear evidence to the contrary, an equality between
charge (= proton) and neutron distributions is common-
ly assumed. Although the nuclear symmetry potential
acts to maintain similar proton and neutron distribu-
tions, the Coulomb potential expands the proton distri-
bution while the neutron distribution is augmented with
excess neutrons. The interplay between these competing
tendencies is a subject of great importance for models of
nuclear structure.

Elastic electron-scattering experiments provide the
best systematic information on the nuclear charge distri-
butions. Information on the shapes of the mass (neutron
plus proton) distribution may similarly be obtained from
the scattering of hadrons. Most methods involve
inelastic-scattering experiments and extraction of the
matter deformation parameters B; by use of elaborate
reaction calculations based on collective vibrational or
rotational models. The analysis is complicated by the
finite size of the probes which, when taken into account,
tend to reduce discrepancies between the hadronic and
electromagnetic results.3

In view of the many difficulties, the results of the ha-
dronic experiments are not always consistent. Data for a
variety of probes from nucleons through '®O on a series
of targets between '2C and 28Si indicate that the mass

and charge deformations are essentially equal.* In a
similar analysis in the rare-earth region, an equality be-
tween the charge and mass deformation parameters near
the ends of the region was observed, but sizable
differences in between suggested a larger charge than
matter quadrupole deformation.’ However, it was ar-
gued in another study for nuclei in the same region that
uncertainties in model assumptions precluded definite
conclusions about mass and charge shape differences. °

Data from inelastic polarized deuteron scattering pro-
duced agreement between electromagnetic and nuclear
isoscalar transition rates for a variety of spherical nuclei,
but showed differences of (10-15)% for several deformed
nuclei.” It was suggested that nuclei in the latter case
had smaller neutron than proton deformations. One of
the nuclei was '*>Sm. However, pion-scattering data for
which the 7% and 7~ are predominantly sensitive to the
proton and neutron deformations, respectively, appear to
be consistent with equal deformations.®

Proton and neutron deformations extracted from elec-
tromagnetic and hadronic inelastic-scattering vibrational
transitions are theoretically expected to differ for nuclei
with N#=Z due to the incomplete cancellation of the
effects of a neutron excess by the symmetry potential.’
Such effects have been observed for (p,p') and (n,n’) re-
actions on single-closed-shell nuclei.!® The interesting
question of the present study is whether such differences
between neutron and proton deformations can be ob-
served in the ground states of permanently deformed nu-
clei.

In this Letter we present alignment asymmetries based
on the measurements of forward-angle cross sections of
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single-charge-exchange scattering to the isobaric-analog
state of aligned and unaligned '®*Ho. The '®*Ho nucleus
has the advantage that it can be aligned with its symme-
try axis in a plane perpendicular to the beam direction
without the use of an external magnetic field. The
present experiment was based on the suggestion of Chi-
ang and Johnson that the orientation asymmetry param-
eter

_do*/da—ds'/da
dot/da+ds'/da

for the (x*,7°) charge-exchange reaction at 0° leading
to the isobaric-analog state is very sensitive to the ratio

#/B5 of neutral and charge quadrupole deformations. !
In this equation, do'"/dQ and dot/dQ are the dif-
ferential cross sections for the reaction with the symme-
try axis of the deformed nucleus aligned parallel to or
perpendicular to the beam direction, respectively. For
165Ho the parameters of a charged-matter Woods-Saxon
distribution having an ellipsoidal surface are Ryp=6.15
fm, a =0.49 fm, and B5=0.32.12

Chiang and Johnson concluded in a subsequent study
that the deformation ratio should also not be very sensi-
tive to uncertainties in the reaction model.'® Their argu-
ment is based on the fact that the transition density in
the (x*,7°) reaction is determined by the spatial distri-
bution of the excess neutrons, that resonance-energy pion
reactions probe the nuclear surface, and that the distor-
tions experienced by the pion are the same in both
aligned states. This situation is different from that
which usually pertains to reaction calculations with light
or heavy ions. Specific application to the present experi-
ment has been published recently.'*

This experiment determined an asymmetry slightly
modified from that described in Eq. (1) because the
parallel-target orientation is extremely difficult to
achieve with the required target geometry. We will thus
report asymmetries 4, for which do'/dQ in Eq. (1) is
replaced by do/d Q, the cross section for scattering from
a randomly aligned target. Although the sensitivity of
A, to the deformation is less than that implied by Eq.
(1), the experiment is more feasible and reliable.

The data were obtained with 165-MeV pions from the
low-energy pion channel at the Clinton P. Anderson
Meson Physics Facility (LAMPF). The LAMPF z°
spectrometer'> was optimized for the detection of 155-
MeV z%°s arising from the reaction '>Ho(z™*,7°)'®Er
exciting the isobaric-analog state (IAS).'® The spec-
trometer was centered on 0°, with the distance between
the target and the first photon conversion plane of each
spectrometer arm set to 110 cm. This configuration
covered an angular range of about 12° and was used for
the entire experiment. The energy resolution for
monoenergetic 7°’s was 2.6 MeV (FWHM).

The single-crystal metallic '>Ho target was composed
of two 1.2-mm-thick layers, with the first (second) layer
consisting of a tightly packed mosaic of two (three)

(1)

s

pieces of material.!” All of these pieces were cut in a
parallel fashion from a single ingot of high-purity
single-crystal '®>Ho, and were placed with the easy mag-
netization axes in the plane of the large face of the tar-
get. The layers were separated by 0.58 cm in order to
compensate for the change in the 7° decay opening angle
with finite target thickness against the average rate of
energy loss in the target.!>'® The target material was
tightly clamped to a large copper frame, which was itself
attached to the mixing chamber of a *He-*He dilution
refrigerator. '°

A germanium diode resistance thermometer was
firmly attached to the copper frame. The target frame
was maintained at a temperature of about 70-80 mK
with the pion beam incident on the target. A test per-
formed following the experiment confirmed that there
was no appreciable temperature difference between the
center of the target material and the target frame. At
these temperatures, the nuclear-spin axes of the holmium
nuclei are almost completely aligned in the basal planes
of the crystal lattice,?® which were aligned perpendicular
to the direction of the incident beam (along the ¢ axis of
the crystal). The do*/dQ data were thus obtained by
cooling the target to < 100 mK, while the do/d Q data
(i.e., unaligned) required warming the sample to > 2 K.
All other experimental conditions remained the same,
thus minimizing systematic errors.

Cross-section normalizations were obtained by using
the LAMPF proton beam current and the activation of
scintillator disks as described previously.!® In addition,
an ionization chamber was placed downstream of the
cryostat in order to monitor fluctuations in the relative
beam fluxes. The relative pion flux between runs could
thus be determined to better than 1%. A replica of the
cryostat walls, its windows and insulation, and an
empty-target frame were used to collect data for target-
out subtractions. Data were collected for two complete
warm-cold cycles.

The data for each target state were binned into four
spectra according to scattering angle. Sample spectra
are shown in Fig. 1. The solid angle for each bin was
determined by a Monte Carlo simulation'® of the entire
70 detection process. The spectra were analyzed by us-
ing a least-squares-fitting routine, which simultaneously
extracts the areas under the IAS peak, the isovector
monopole and giant dipole resonances, and a non-
resonant background that depends only on the momen-
tum transfer.?! The line shape for the IAS and the reso-
nances was taken to be a Gaussian central region with
exponential tails, which closely reproduces both the ex-
perimental line shape for monoenergetic 7°’s and the
line shape obtained from Monte Carlo simulations. The
shape of the background is fully described in Ref. 21.
The location and width of the monopole resonance were
fixed to values extrapolated from the systematics estab-
lished in Ref. 21. The location and width of the dipole
resonance were allowed to vary and did not deviate
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FIG. 1. Spectra of z° yield at 3.5° for aligned and
unaligned targets. The solid curve represents the fit to the
data; the long-dashed curve is the g-dependent background and
the short-dashed curves are individual fits to the isovector
monopole, giant dipole, and IAS states (left to right).

significantly from the systematics of measured giant di-
pole resonances. The location and width of the IAS were
determined from the data. Typical fits are shown along
with the data in Fig. 1. A splitting of the deformed giant
dipole resonance (GDR) such as is seen?? in the analog
process '$>Ho(y,n) would be almost completely masked
by the spectrometer resolution. Including an allowance
for a split GDR in the fitting procedure makes a typical-
ly <1% effect on the extracted IAS cross sections. Fig-
ure 2(a) shows the extracted asymmetries A4, as a func-
tion of scattering angle.

The IAS cross sections for each target-alignment state
were further fitted by the function

5(0) =a J&(qR)+—;—(A9)2;d£7[J§(qR)] @

as described in Ref. 16, where the overall amplitude a
and the effective scattering radius R were fitting parame-
ters. The zero-degree alignment asymmetry was deter-
mined from the extrapolated values of (0°) for the two
target states. We obtain @ =880 = 30 and 920 *+ 40 (ar-
bitrary units), and R =5.9 £0.2 and 5.4 £+ 0.2 fm for the
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aligned and unaligned states, respectively. We deduce
A,(0°) =—0.022+0.024 . 3)

Equation (2) was also used with the values of @ and R
for the two target states to obtain the functional form of
A, (0) shown in Fig. 2(a).

A value of the ratio 85/B5 may be extracted from our
value of A4,(0°) by use of the model relationship ob-
tained from the work of Chiang and Johnson,!! illustrat-
ed in Fig. 2(b). This eikonal model is valid only at 0°
and therefore does not predict an angular distribution for
A,. It is believed that the relationship is not very sensi-
tive to parameter ambiguities.'> We obtain

B3/B5=0.84+0.08 . )

Calculations have also been made with a model that
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FIG. 2. (a) Measured asymmetries A4, as a function of
scattering angle. The solid curve is a functional form based on
Eq. (2). The dashed line gives the result of a coupled-channels
calculation of Ref. 14. (b) The eikonal prediction of A4, as a
function of B3/B35 obtained from Ref. 11.
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employs Hartree-Fock densities and a coupled-channels
treatment of the reaction mechanism.'* The dependence
of A4,(0°) on B%/B5 is believed to be qualitatively similar
to that shown in Fig. 2(b), but differs in quantitative de-
tail. However, these calculations have truncation uncer-
tainties brought about by computational limitations.
The eikonal results, which do not have such truncations,
are perhaps a better representation of the 0° behavior. '4

On the other hand, the coupled-channels calculations
predict an angular distribution that is shown as the
dashed curve in Fig. 2(a).'* Again, the results are quite
insensitive to parameter uncertainties.'* The angular
dependence of the asymmetry is similar to the experi-
mental results but the magnitude is more positive than
the data. The magnitude is a direct consequence of the
fact that the calculation derives from a ratio
B3/B5=0.96.'"* The Hartree-Fock model calculations
produced good agreement with observables such as
charge radii and quadrupole moments, and two interac-
tions gave approximately the same value of 85/B5.'* In
order to produce good agreement between the experi-
mental and theoretical asymmetries, the relative normal-
ization between the warm and cold data sets would have
to be changed by (10-20)%, an amount well outside the
statistical and systematic uncertainties of our experi-
ment.

We conclude that the neutron distribution in '®*Ho is
considerably less deformed than the charge (proton) dis-
tribution, significantly less so than can be computed from
the best available Hartree-Fock models. Furthermore,
the shape, but not the magnitude of the empirical angu-
lar distribution of the alignment asymmetry, agrees with
that computed by state-of-the-art coupled-channels
methods. These data pose new challenges to models of
nuclear structure and reaction mechanisms.
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