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Spin-Spin Cross Sections of Al and Nb for Neutrons from 20 to 50 Mev
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Spin-spin cross sections of Al and Nb have been measured for neutrons between 20 and 50 MeV
with high precision. Absolute size and energy dependence of the data agree well with existing predic-
tions from folding-model calculations. The data can also be reproduced with phenomenological spin-spin
potentials, but do not allow distinguishing between spherical and tensor interactions. The deduced spin-
spin strengths are close to 1 MeV.
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In the past two decades there has been a steady in-

terest in measuring the size of the nucleon-nucleus spin-
spin interaction. The types of experiments carried out
are transmission of polarized neutrons through polarized
targets and depolarization measurements of polarized
protons scattered from unpolarized targets. The aim of
the experiments is to determine the direct spin-spin
nucleon-nucleus interaction, derived from the spin-spin
dependence in the nucleon-nucleon force. In the frame-
work of the optical model, such an interaction can be ex-
pressed in terms of a spin-spin dependent potential like

Uss(r) = Vssfss(r)a I/I,

with Vss and fss denoting the strength and the shape of
the potential, I the target spin, and cr the Pauli spin of
the neutron. Besides a spherical interaction, tensor in-
teractions may also be considered; the lowest order is

Depolarization can be originated by spin-spin interac-
tions, by compound-nucleus scattering, ' and by quadru-
pole spin flip. The Erlangen group has measured the
depolarization of protons in 10- and 11-MeV p- Al
scattering. After correction for compound-nucleus and
quadrupole-spin-flip eA'ects they obtained spin-spin po-
tentials with strengths Vss and VgT both close to 2.5
MeV in the notation given above. At TRIUMF p- Be
depolarizations have been measured at 220 MeV, where
compound-nucleus spin flip is negligible. A combined
analysis in terms of quadrupole-spin-flip and spin-spin
potentials yielded spherical and tensor spin-spin
strengths slightly above 1 MeV in the above notation.
Other depolarization results are less decisive.

In transmission experiments one measures the spin-
spin cross section o~s defined as

ass =(a —a )/2,

where o~ and o., are the total cross sections for neutron
and target spins parallel or antiparallel, respectively.
The first transmission experiments have been usually
carried out at low energy, a few MeV or below, and were
largely consistent with zero. An exception are the data
on Co up to 3 MeV. ' Here a consistently negative
ass was found, which can be explained by eff'ects due to
compound-nucleus formation. For Co also experi-
ments at higher energies, up to 30 MeV, were carried
out to determine the optical-model spin-spin potential.
The data were no more than 1 standard deviation away
from zero and set a limit of about 1 MeV to Vss. Re-
cently data on Al were reported from Triangle Univer-
sities Nuclear Laboratory at four energies ranging from
5.2 to 16.5 MeV. ' From these data the authors deduce
Vss =0.75 ~ 0.44 MeV, combined with an imaginary
spin-spin strength 8 ss = —0.78 ~ 0.32 MeV. The
amount of data and the energy range are rather small,
however, to test the energy dependence of ass, as pre-
dicted by the optical model.

In this Letter we report o.ss results on Al and Nb.
The measurements were carried out with the polarized
neutron beam of the facility POLKA '' at the Karlsruhe
cyclotron and the polarized-target facility KRYPTA. '

The POLKA beam contains a continuous energy spec-
trum of polarized neutrons between approximately 20
and 50 MeV. They are produced with the D(d, n)W re-
action, using polarized deuterons from an atomic beam
source, accelerated by the cyclotron to 52 MeV and
directed onto a 1-cm-thick liquid-Dz target. The neutron
polarization is typically 50%, and the neutron energy is
determined with time-of-flight techniques. Both neutron
and target polarizations were oriented in the vertical
direction in this experiment, and hence perpendicular to
the beam. The size of the POLKA neutron beam was
reduced to 20-mm diameter by means of an additional
tungsten collimator of 40-cm length.

The neutron flux in front of the target was measured
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by a 0.5-mm-thick NE 102A scintillator. It detected
recoil protons, generated in a 7-mm-thick polyethylene
converter positioned immediately in front of the scintilla-
tor. Protons from neutrons with energies below the use-
ful energy range were stopped by a 0.5-mm aluminum
absorber between the polyethylene and the scintillator.
The scintillation light was reflected by a thin stainless-
steel foil to a photomultiplier outside the neutron beam.
The neutron flux behind the target was measured with a
similar detector, having 13 mm of polyethylene and a 1-
mm-thick NE 102A scintillator.

The targets were polarized in the KRYPTA cryostat,
containing a He- He dilution refrigerator and a 9-T
split coil magnet. ' The Al target had a quadratic
cross section of 35x 35 mm, and the Nb target had a
circular cross section with a diameter of 30 mm. Both
samples had thickness of 40 mm. Target temperatures
were typically between 10 and 17 mK during the experi-
ments, resulting in eAective polarizations of 49% for Al
and of 53% for Nb.

During the experiment the neutron polarization was
switched every 4 sec to minimize systematic errors. Ini-
tially we switched between the up and down directions.
However, due to an asymmetry of the rf transitions in

the polarized deuteron source, the spin-up deuteron
beam was contaminated with a varying amount of tensor
polarization. Through the tensor analyzing power of the
D(d, n)A' reactions' this gave rise to a varying spin-up
neutron flux. Because the tensor analyzing power is not
constant over the neutron energy, the shape of the neu-
tron flux spectrum was not constant in time, which is
awkward for time-shift corrections. A similar problem
was mentioned in Ref. 10. In order to avoid the inherent
systematic uncertainties, we decided to carry out the
final experiment by switching between zero and down po-
larization. The weak-field rf transition used for the
down polarization has no measurable eff'ect on the m =0
deuteron state; i.e., no tensor component occurs. The
measurements were divided into runs of about 2-h
length. The overall measuring time of both experiments
was 300 h.

In the off-line analysis the data were divided in energy
bins of 2 to 4 MeV in width (see Table I). Measure-
ments with a warm (unpolarized) Nb target were car-
ried out to detect instrumental asymmetries. In a single
energy bin these asymmetries did not exceed 3&10
The average warm asymmetry was e„=(—1.2+'0.5)
x10 . We did not correct for this small eA'ect.

Our results of the cold (polarized) measurements are
listed in Table I and shown in Fig. l. One sees that the
spin-spin cross sections are small, but that a part of the
data clearly differs from zero. Moreover, both data sets
exhibit a distinct energy trend. The curves in the figures
are results of folding-model calculations by McAbee,
Thompson, and Ohnishi. ' They find three spin-spin po-
tentials contributing to a.ss.. the spherical one and two

TABLE I. Experimental results of the neutron spin-spin
cross section for Al and Nb.

Al

F. (MeV)

22.0 ~ 1.5
25.0 ~ 1.5
27.5+ 1.0
30.0 ~ 1.5
33.0 ~ 1.5
36.0+ 1.5
40.0+ 2.0
50.0 ~ 2.0

~ss (mb)

—7.0
—6.6
—7.0
—0.9

4.8
0.6

—4. 1

16.8

&~ss (mb)

7.3
5.2
5.8
5. 1

5.7
6.5
7.0
7.8

93Nb 19.0 ~ 1.0
22.0 ~ 1.5
25.0 ~ 1.5
27.5+ 1.0
30.0 ~ 1.5
33.0 ~ 1.5
36.0 ~ 1.5
40.0 w 2.0
50.0 ~ 2.0

24.3
13.1

2.9
—1.2
—1.8
—9.4

—20.5
—19.5
—22.9

1 1.2
4.8
3.3
3.8
3.4
3.8
4.3
4.7
5.2

tensor potentials. There is a striking agreement between
these predictions and our data, both in size and in energy
dependence. For Nb the prediction deviates at the
highest energies. The data from Ref. 10 are also shown
in Fig. 1.

We also compared our data with optical-model calcu-
lations using a version of the code SPINSOR, developed by
Hussein and Sherif. ' The spin-spin cross sections are
calculated in the distorted-wave Born approximation;
hence the curves scale proportionally to Vss or VsT.
Both spherical and first-order tensor spin-spin potentials
were used with various radial shapes. Using the spheri-
cal potential good fits can be obtained for both nuclides
only with a radial shape that peaks at about 70% of the
nuclear radius. The tensor potential gives good fits for a
surface-peaking radial shape. The results are shown in

Fig. 2. The deduced parameters of the spin-spin poten-
tials are listed in Table II. The errors were obtained by
increasing g (min) by 1. The numbers have no absolute
meaning because neither the relative strengths nor the
radial shapes of the spherical and. tensor potentials can
be determined from these experiments. We show these
calculations only to demonstrate that very nice fits can
be obtained with spin-spin potentials of reasonable shape
and strength. In the calculations the most recent
optical-model parameter sets were used: for Al, those
from Martin, ' and for Nb, from Walter and Guss. '

The analyses of our data show no indication for a pos-
sible imaginary spin-spin potential. As was pointed out
in Ref. 10 the imaginary potential would generate a cr~s
which has a significantly diA'erent energy behavior as
compared to oss from a real potential. This would mean
zero crossings at 20 and 60 MeV for Al and at 20 and
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FIG. 1. Comparison of theoretical predictions with experi-
mental spin-spin cross sections. Dots: this work; crosses: data
from Ref. 10; the curves are predictions from Ref. 14.

FIG. 2. Optical-model spin-spin cross sections fitted to our
experimental results. Solid curves: spherical spin-spin poten-
tial; dash-dotted curves: first-order tensor spin-spin potential.
The resulting spin-spin potential parameters are listed in Table
II. Dots: this work; crosses: data from Ref. 10.

45 MeV for Nb. Our data nicely follow the energy
trend given by the real spin-spin potential, and hence we
do not confirm the rather large value of Wss found by
the authors of Ref. 10 for Al at neutron energies from
5 to 16 MeV.

Contrary to the real nucleon-nucleon spin-spin poten-
tial, below the pion threshold an imaginary nucleon-
nucleus spin-spin potential cannot be traced back to the
spin dependence of the nucleon-nucleon interaction itself.
Hence other mechanisms should be responsible for an
eventual imaginary spin-spin interaction, such as spin-
dependent compound-nucleus formation. ' It is doubt-
ful, however, whether such a mechanism can be unambi-
guously translated into an imaginary spin-spin potential.
Compound-nucleus formation produces steadily decreas-
ing spin-spin eAects due to the strongly increasing level
densities, widths, and decay channels. An imaginary
spin-spin potential yields an oscillatory o.ss.

Spin-spin cross sections due to quadrupole deforma-
tion eAects have been calculated recently by Hnizdo and
Kemper' for neutrons on Al. Their calculations ex-
tend only up to 20 MeV, where our data begin. At 20

MeV they find o.ss= —8 mb with a decreasing trend in
absolute value. It was pointed out afterwards by Gould,
Roberson, and Thompson, ' that the quadrupole moment
employed by Hnizdo and Kemper is a factor of 2 too
high. This reduces the result at 20 MeV to o.ss= —4
mb. Our data from 20 to 40 MeV are essentially con-
sistent with this value. It would be interesting to see
quadrupole-deformation-eA'ect calculations for Al

Al
93Nb

Al
93Nb

&ss {keV)

850+ 350
1090+ 230

VsT (keV)

—2250 ~ 980
—2160 ~ 250

ass

0.65
0.40
1.21
0.69

I ss

0.89
0.85
1.07
1.22

0.45
0.55
0.54
0.59

TABLE II. Spin-spin potential parameters found in fitting
our new data separately by a spherical and by a first-order ten-
sor spin-spin potentials. The last column gives the values of g
per data point.
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above 20 MeV. The effects are expected to be negligible
for Nb, due to its small quadrupole deformation.

We conclude that our crss results are the first with
sufficient accuracy over a wide enough energy range to
allow a meaningful comparison with theoretical models.
The data agree well with folding-model predictions of
McAbee, Thompson, and Ohnishi. ' A phenomenologi-
cal description using well-determined values for the
remaining optical-model parameters yields very good
descriptions of the data with real spherical spin-spin po-
tentials close to 1 MeV.
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