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Data on the scattering of & partic1es from aligned ' IIo was recorded over the energy
range 14-E&-23 MeV. Optical-model calculations are presented. It is shown that the
data provide a clear resolution of the optical-model ambiguities found in previous anal-
yses of o.'scattering from rare-earth nuclei.

The parameter ambiguities which arise in op-
tical-model fits to scattering data for strongly
absorbed particles are well known and have been
discussed by several authors. " At low bombard-
ing energies where only the tail of the nuclear
potential is probed, the principal source of am-
biguity results from changes in the parameters
which leave the potential in this region unaltered.
The tail region itself, however, is well deter-
mined. " At higher energies ambiguities of a
discrete nature are found as well as a continuous
VR" ambiguity. ~' It has been shown' that at very
high energies, near 80 MeV in the case of "Mg,
only the continuous type of ambiguity remains.
In this case, a good fit to the data can be obtained
with almost any strength potential by suitable ad-
justment of the other parameters. These char-
acteristics are consistent with the assumption
that the scattering is only sensitive to a portion
of the nuclear surface.

The resolution of these ambiguities has been
the subject of much investigation. Initially, it
was believed that including inelastic scattering
data with a coupled-channel analysis would be of
value. Austern and Blair' have shown, however,
that optical potentials which reproduce the elas-
tic scattering must be expected to reproduce the
inelastic angular distributions. Several authors'
have demonstrated that partial resolution of the
ambiguities is obtained by including large-angle
scattering data. Simultaneous fitting of data
from several target nuclei at various energies,
constraining the parameters to vary smoothly,
offers another means of reducing the ambigu-
ities. ' '

In the present Letter we propose that scatter-
ing data from aligned targets offer additional in-
formation which can lead to better determination
of the optical parameters. The potential for a
permanently deformed nucleus can be written in
the form

'(I(r, ()) = —(U+iW)[l + exp((r —R,[l + pY', '((})I)/a) '+ &,(r, 8),

where V,(r, 9) is the potential due to the charge distribution and P is the nuclear deformation parameter.
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For y &&8 the real part of the potential can be expanded as

V (r, 8) = —V[1+P(R,/a)F, (8)] exp( —r/a) exp(R, /a) =A(U, R,/a, P, 8) exp(- r/a),

where the potential has been written as the prod-
uct of a strength and a form factor. In the case
of scattering from an unoriented target, 0 is
averaged over all directions. If P is determined
by another method, it is possible to determine
at most two of the three remaining parameters
uniquely. Data on the scattering from an aligned
target, which select a particular value of 8, are
capable, in principle, of resolving this ambiguity.
Although the argument is an oversimplification,
it demonstrates that aligned-target data offer
more than a consistency check of data from an
unaligned target.

Aponick et al. ' have made a careful search for
parameters which describe the scattering of
27.0-, 30.0-, and 32.5-MeV n particles from
'"Sm and other nuclei in the rare-earth region.
Two completely different parameter sets mere
found which gave equally good fits to a11 the data.
We present data on the scattering of e particles
from aligned and unaligned "'Ho and show that
the data establish a clear choice between the two
parameter sets of Aponick et aE.

The experimental apparatus involving the aligned
"'Ho target was similar to that employed previ-
ously. The target, a single crystal of holmium
metal, 1 crnx0. 7 em~0. 35 mm, was attached
with Cd-Bi eutectic solder to the mixing chamber
of a, 'He-'He dilution refrigerator with the c axis
parallel to the direction of the a-particle beam.
At low temperatures, the crystal structure of
holmium results in a nuclear alignment which is
negative and symmetric with respect to the c ax-
is of the crystal. " The temperature of the mix-
ing chamber was monitored by a carbon resis-
tor (Speer grade 1002, 100 0) and was held at
200'K during the aligned-target measurements by
suitably adjusting the beam intensity to corre-
spond to a heat input of 1440 erg/sec. A temper-
ature drop of 0.060 K between the target surface
and the copper mixing chamber was estimated
from the known thermal conductivity of holmium
metal at low temperatures" and separate mea-
surements on the conductivity of holmium-copper
solder junctions. This led to the value (0.260
+0.020)'K for the temperature of the target sur-
face.

n-particle beams of energies 20 and 24 MeV
were provided by the Stanford University FN tan-
dem accelerator. As in Ref. 10, a beam-diffus-
ing foil was inserted 1S4 cm upstream from the
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FIG. 1. Differential cross-section data for the scat-
tering of & particles by an una1igned 85Ho target. The
target was a polycrystalline foil 300 pg/em thick. The
curves were calculated with the optical parameters of
Ref. 9. Parameter sets I and II gave essentially identi-
cal fits.

i target to produce a stable and uniform beam at
the target of a few picoamperes intensity. The
scattered a particles were detected by a matrix
of four intrinsic Ge detectors" at an average
scattering angle of 160'. The beam intensity was
monitored by detecting the scattering from a nick-
el foil which also served as the entrance window
to the cold section of the cryostat. The intrinsic
Ge detectors mere maintained at a temperature
of 10'K and gave reliable operation throughout
the course of the experiment showing a resolution
of 50 keV or better to 5.48-MeV n particles form
an "'Am source.

The aligned cross section was not measured
directly, since it was more convenient to make
a comparison between the relative cross sections
at two different temperatures, 0.26 and 2.15'K.
The corresponding values of the nuclear align-
ment parameter 8,/82(max) are —0.291 and
—0.010. Since the nuclear alignment is symmet-
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ric with respect to the beam direction, the dif-
ference in cross section at the two temperatures
can be expressed in the form

0.26 K 1.7R K P g (8)
175 K + N&p

(3)

where o'„(8) is the cross section for scattering at
angle L9 by a nucleus in magnetic substate M. The
coefficients &„can be calculated from knowledge
of the target temperature, the holmium crystal
structure, and the parameters of the nuclear hy-
perfine Hamiltonian. In the present case, their
values were

A, /2
= —0.146, A. ,~, = —0.049,

X„,=0.068, A„,=0.12'7.

The cross sections o,„(8)were computed in the
coupled-channel formalism for an optical poten-
tial of the form (I).

Figure 1 shows cross-section data measured
in a separate experiment with an unaligned poly-
crystalline foil 300 pg/cm' thick. In Fig. 2 the
thick-target data on bo/o are presented, orga-
nized into energy intervals approximately 500
keV wide; i.e. , each cross-section point repre-
sents an average over an energy interval + 250
keV. There is also an angular spread associated
with the points in Fig. 2 due to the finite detector
size and to small-angle multiple scattering which

FIG. 2. Aligned-target cross-section effect as a
function of 0, bombarding energy. The incident beam
energies 19.3 and 23.4 MeV correspond to the beam en-
ergies 20.0 and 24.0 MeV corrected for energy degrada-
tion in the foils. The calculated curves were obtained
with parameter sets I and II of Ref. 9. Each point has
an associated energy spread of +250 keV, and an angu-
lar spread which depends upon the thickness of target
which was traversed. This angular spread was + 15
in the worst case.
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FIG. 3. Plots of g2 versus P for the fits to the aligned-
target cross section. The unaligned-target data are
insensitive to the value of P, and have not been included
in the above curves.

occurs as the beam traverses the thick target.
This angular spread is typically of the order of
+ 10 . The energy range from 14 to 23 MeV was
covered by choosing incident bea, m energies of
20 and 24 MeV which produce overlapping data
points in the region 16.5 to 19.0 MeV. The good
agreement between the data taken at the two bom-
barding energies serves as a consistency check
on the data reduction and also indicates that there
is no appreciable degradation in the nuclear align-
ment due to imperfections at the surface of the
crystal.

Both parameter sets I and II give equally good
fits to the data of Fig. 1.; the two calculated
curves are indistinguishable on the scale of the
figure. Only parameter set I gives an acceptable
fit to the aligned-target data, however, as can be
seen from Fig, 2. The nuclear deformation pa-
rameter, P, was set to the value 0.33 obtained
from Coulomb excitation" in the above calcula-
tions. The result of treating P as a free parame-
ter is shown in Fig. 3. Although the fit obtained
with parameter set II is improved, it is still
clearly inferior to the fit obtained with parame-
ter set I. The best value of P using parameter
set I, 0.320+ 0.020,"is in excellent agreement
with the results of Coulomb excitation, 0.33, and
photoneutron cross- section measurements, 0.319
+ 0.003." It is worth noting that the sign of p is
uniquely determined since the curves of Fig. 2

wouM have the opposite sign for an oblate defor-
mation.

The results of the present experiment and anal-
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ysis demonstrate that scattexing from aligned
targets offers additional information for the de-
termination of nuclear characteristics. Specif-
ically, within the framework of the optical model,
it is shown that the data resolve the discrete am-
biguity in the optical parameters found by Apo-
niek et aE.' A more detailed analysis investigat-
ing the continuous ambiguities would be useful.
The results of Brissaud et al." seem to indicate
that a real potential strength i.n excess of 100
MeV is required to describe the scattering of 166-
MeV n particles from Sn and Pb, whereas the
real potential in parameter set I is only 50 MeV.
It is therefore of great interest to extend aligned
target measurements to higher bombaxding en-
ergies.

*Work supported in part by Lockheed Independent Re-
search Funds and by the National Science Foundation.

)Present address: University of Pennsylvania, Phila-
delphia, Pa. 19104.

'G. Igo, Phys. Bev. 115, 1665 (1959}.
B. M. Drisko, G. B. Satchler, and B. H. Bassel,

Phys. Rev. Lett. 5, 347 (1963); R. F. Leonard, W. M.
Stewart, and N. Baron, Phys. Bev. 162, 1125 (1967);
Q. Hauser, 8, Lohken, H. Bebel, G. Schatz, G. W.
Schweimer, and J. Specht, Nucl. Phys. A128, 81 (1969).

~Q. Qo]drjng, M. SaDluel, B. A. Watson, M, C. Bertjn,
and S. L. Tabor, Phys. Lett. 32B, 465 (1970}.

C. B.Bingham, M. L. Halbert, and R. H. Bassel,
Phys. Bev. 148, 1174 (1966).

E. F. Gibson, B. W. Bidley, J. J. Kraushaar, M. E.
Hickey, and R. H. Bassel, Phys. Bev. 155, 1194 (1967).

P. P. Singh, B. E. Malmin, M. High, and D. W. Dev-
ins, Phys. Rev. Lett. 23, 1124 (1969).

N. Austern and J. S. Blair, Ann. Phys. (New York)
33, 15 (1965).

See, for example, Befs. 5 and 6.
A. A. Aponick, Jr., C. M. Chesterfield, D. A. Brom-

ley, and ¹ K. Glendenning, Nucl. Phys. A159, 367
(1970).

OT. B. Fisher, S. L. Tabor, and B.A. Watson, Phys.
Rev. Lett. 27, 1078 (1971), and a detailed report to he
published elsewhere.
"H. Marshek, A. C. B. Richardson, and T. Tamura,

Phys. Rev. 150, 996 (1966).
A. C. Anderson and M. E. Malinowski, Phys. Status

Solidi (h) 37, E141 (1970).
~B. H. Pehl, C. Cordi, and F. S. Goulding, IEEE

Trans. Nucl, Sci. 19, No. (1), 265 (1972).
B. Elbek, Determination of Xmc'isa' Transition Pwob-

abi7ities by Coulomb Excitation (Ejnar Munksgaard,
Copenhagen, 1963).

This uncertainty includes the uncertainty in tempera-
ture as well as the statistical uncertainty in the fit as
shown in Fig. 3.

~B. L. Berxnan, M. A. Kelly, B. L. Bramblett, J. T.
Caldwell, H. S. Davis, End S. C. Fultz, Phys. Bev.
185, 1576 (1969}.
"J.Brissaud, M. K. Brussel, M. Sowinski, and B. Ta-

tischeff, Phys. Lett. 30B, 324 (1969).

Two-Nucleon Transfer ~ith Heavy Ions*

A. J. Baltz and S. Kahana
BrooÃuwen ¹tionaE L,a&oratory, Upton, ¹zoFork 129/9

(Heceived 6 September 1972)

A distorted-wave Born-approximation calculation of two-particle transfers between
heavy ions is presented which does not treat the transferred nucleons as a cluster. Ap-
plication is made to (0~8,0 8) reactions on the nuclei Mo92'~ '~6'98.

The transfer of one or more nucleons in reac-
tions involving heavy-ion projectiles has attracted
considerable attention recently. ' ' Direct-reac-
tion codes have been constructed and appliedv' to
the transfex of a single nucleon between heavy
ions. These single-particle codes have been used
to analyze multinucleon transfer in texms of a
cluster expansion. ~ The present I etter describes
a proper distorted-wave calculation of the cross
section for two-nucleon transfer between heavy
ions. In this calculation the nucleon coordinates
enter separately, and it is therefore possible to

insert the full two-particle spectroscopy into the
transfer amplitude. The resultant two-particle
code is used to analyze a series of (0",0") re-
acti.ons on molybdenum isotopes with apparent
success. One important consequence of treating
the wave function of each transferred nucleon cor-
rectly, i.e., an avoidance of any cluster assump-
tion, is a surprisingly strong state dependence.

The reactions considered are of the type (4. + 2N)
+B-A+(B+2N), where 2N stands for two like
nucleons and A,B are inert cores. The "exact"
distorted-wave Born-approximation (DW BA) am-


