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Spin-spin cross sections were measured for 7.5-MeV polarized neutrons incident on cryogenically
polarized Nb. Measurements were made with spin orientations transverse and longitudinal to the
beam direction, yielding oT' ———5.2 + 5.3 mb and o.~' ———2.2 + 6.9 mb, respectively. The results
are consistent with recent valence-nucleon folding model calculations. The tensor spin-spin potential
is found to be small, Vqg ———67 + 190 keV. Volume integrals of spin-spin potentials are derived
from depolarization and transmission experiments on C, N, Al, and Nb. The results for the
central spin-spin potential are shown to be consistent with the folding model predictions.

PACS number(s): 25.40.Dn, 24.10.Ht, 24.70+s

I. INTRODUCTION

Uio(r) = —Fto(r)I s

U&2(r) = —F&&(r)[3(I r)(s r) —(I s)]/2, (2)

where I is the target spin, s is the nucleon spin, r is
the nucleon-nucleus separation vector, and E~o and F~z
are geometric factors describing the shapes of the central
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Studies of spin-spin effects in polarized nucleon scat-
tering now show unambiguous evidence for the existence
of a nucleon-nucleus spin-spin interaction. The experi-
ments are of two types: transmission of polarized neu-
trons through polarized targets, and proton depolariza-
tion in elastic scattering from spin-2 targets. Gould et
al. [1] studied polarized neutron transmission through
polarized Al with neutrons of energy 5—16 MeV, and
Heeringa et al [2] studie. d polarized-neutron transmis-
sion through polarized Al and Nb with neutrons of
energy 20—50 MeV. Przewoski et al. [3] studied proton
depolarization for tsC at 72 MeV, and Nakano et al. [4]
studied proton depolarization for N at 65 MeV.

The measurements are analyzed in terms of central and
tensor spin-spin potentials [5]. Following the notation of
McAbee et al. [6], these are given by

and tensor potentials. The potentials are unit normal-
ized (I = I/I, etc.). For targets with I ) 2t additional
spin-spin terms arise [6] due to higher-order polarization
moments in the target. In general though, the dominant
terms are Uyo and Uyz, involving the target spin I to first
order.

The geometric factors F~t, (r) may have a complicated
radial dependence. Commonly the potentials are taken
to have volume or derivative Woods-Saxon shapes. In
this case I";y(r) = Vj,f(r), and Vto and Vjz parametrize
the strengths of the central and tensor potentials, respec-
tively.

From analysis of N depolarization data, Nakano et al.
[4] found the tensor potential to be large. They concluded
that Vjz was of order 0.8 MeV or more. The Nb data
of Heeringa et al [2] could. also be interpreted in terms
of a large tensor potential Vjz 2 MeV. However, the
measurements do not readily distinguish the eKects of the
central and tensor terms. Solutions with predominantly
central potentials also gave reasonable accounts of the
data.

A technique for resolving this ambiguity, first discussed
by Fisher [7], involves polarized-neutron, polarized-target
transmission in two geometries: transverse (with the
spins perpendicular to the beam direction) and longi-
tudinal (with the spins parallel to the beam direction).
The spin-spin cross section is obtained from the change in
the transmission when the neutron spin is flipped with
respect to the target spin. The central contribution is
the same in the two geometries. The tensor contribu-
tion changes in sign and magnitude between transverse
and longitudinal. As a result the tensor contribution can
be extracted unambiguously from the cross-section dif-
ference between the two geometries.

Previous measurements were carried out only in trans-
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verse geometry. In the present work we report the first
measurement with spins in both transverse and longi-
tudinal geometry. The target was 3Nb, and the mea-
surements were carried out at 7.5-MeV neutron energy,
where optical model calculations [2] and folding model
calculations [6] indicate the effect of the tensor term is

a local maximum. Although the measured cross sections
proved to be small, they set a bound on the tensor po-
tential which rules out the large tensor potential solution
obtained in the work of Heeringa el al. [2].

Mcabee ef al. [6] have recently used modern effective
int, eractions to carry out a theoretical study of spin-spin
effects using the valence-nucleon folding model. Our re-
sults are in qualitative agreement with these new calcu-
lations. We also compare the volume integrals of the cen-

tral and tensor spin-spin potentials found in the recent
depolarization and transmission measurements. Despite
the large differences in mass number, the results are con-

sistent, and in surprisingly good agreement with the new

calculations.

II. EXPERIMENTAL PROCEDURE

The experimental procedures are similar to those de-
scribed in our earlier work [1, 8]. A schematic of the
experimental arrangement is shown in Fig. 1. Deuterons
from the Triangle Universities Nuclear Laboratory Lamb
shift polarized ion source [9] and FN tandem Van de
Graaff accelerator were focused into a 6-cm-long gas cell
filled with 8 atm of deuterium. A double steerer-feedback
system centered the beam in front of the gas cell, and on
a beam profile monitor 2 m upstream. Polarized neutrons

were produced from the zH(d, n) reaction and were col-
limated at zero degrees by a 0.95-cm-diameter aperture
in a polyethylene shield. The neutrons passed through
the polarized niobium sample and were detected 2.3 m
away in a heavily shielded 13-cm-diameter by 13-cm-long
NE213 liquid scintillator. The neutron Aux from the gas
cell was monitored by a 1.3-cm-diameter by 1.9-cm-long
NE213 scintillator, placed inside the polyethylene colli-

mator, 53 cm from the gas cell. Deuteron polarizations
were typically 60—70%%uo, resulting in neutron polarizations
of 50—60%%uo. The energy spread in the neutron beam was
about 700 keV, due to energy loss of the deuterons in the
gas cell.

The niobium target was pure metal, 1.8 cm thick by
1.8 cm wide by 3.8 cm high. The target was cryogenically
polarized by a 10-mIC dilution refrigerator system and a
7-T split-pole superconducting magnet. The apparatus
is described in more detail by Haase et al. [10]. The
magnet has a main bore 10.2 cm in diameter, and four
90' access ports, 4.13 cm in diameter. The ports allow
the magnet to be oriented in the liorizontal plane with
the field axis either parallel or perpendicular to the beam
direction. The target temperature was typically 10 mK
and was monitored by the decay from a Co(Co) single
crystal source mounted to the base of the sample. For

Nb at 10 mK, the three lowest-order nuclear orienta-
tion parameters [11] B;(I) are Bi ———0.84, B2 ——0.35,
and B3 ———0.093. The vector polarization of the target
is given by Pq

——g(I + 1)/3IBi. This is the only ori-
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entation parameter of interest in the present experiment;
our measurement is not sensitive to even rank nuclear
orientations, and third-order orientation is negligible to
within the accuracy of the experiment (Bs/Bi ——0.11).

With 100 nA of deuterons on the gas cell, count rates
for neutrons were 2.2 kHz in the monitor detector and
1.0 kHz in the main detector. Neutron and y-ray events
in the scintillators were separated by pulse shape dis-
crimination. Dead-time corrections and gain stabiliza-
tion were made using pulsed LED light fed directly to
the photocathodes of the photomultiplier tubes for each
detector. In order to avoid counting low-energy neutrons
from deuteron break-up reactions, a single channel ana-
lyzer (SCA) window was set on the upper region of each
proton recoil spectrum. The SCA outputs were stored in

scalers along with LED pulser information to calculate
the dead times, typically 1.5 ps per event.

For each measurement between 50 and 100 runs were
taken with the target cold, followed by an equal number
of runs with the target depolarized by warming to 0.5 K.
Each run consisted of eight 200-s spin sequences, with
the target and projectile spins alternately aligned paral-
lel and antiparallel. The neutron spin was reversed by
flipping the spin of the deuteron in the polarized source.
This reverses the vector polarization, P„of the deuteron
beam, and in principle leaves the tensor polarization, P„,
unchanged.

The asymmetry is defined as

e = (Np —N, )/(Np + N, )

with Nz (N ) the monitor normalized counts in the par-
allel (antiparallel) spin configuration. We derive a spin-
spin cross section from the cold and warm asymmetries
using

(&cold &warm) /&b &t & (4)

where Pb — 0.57 (0.55) is the average longitudinal
(transverse) neutron beam polarization, calculated from
the measured deuteron polarization and the polarization
transfer coefficients for the 2H(d, n) reaction; Pi ——0.50
is the average target polarization, calculated from the
target temperature; and z is the sample thickness, 0.10
atom/b.

Table I gives the cold and warm asymmetries measured

2m 53 cm 67 cm 2.3 m

FIG. 1. Schematic diagram of the experimental arrange-
ment.
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TABLE I. Cold and warm asymmetries measured for 7,5-MeV polarized neutron scattering
from polarized Nb in transverse and longitudinal geometries. The errors are derived from the
spread in the individual asymmetries from each run. The experimentally derived spin-spin cross
sections, o,'„', are shown in column 4. The valence-nucleon folding model predictions of Ref. [6],
o,'h, are shown in column 5.

Geometry

Transverse
Longitudinal

( e )~old (10 )

3.39 + 0.91
—8.81 + 1.28

& & &warm (&O )

1.99 6 0.92
—9.43 + 1.46

a,-'„'(mb)

—5.2 6 5.3
—2.2 + 6.9

o;„'(mb)
—13.5
—5.5

in the two geometries. The errors are derived from the
standard deviation of the individual asymmetries in each
data set. These errors were comparable to the errors
expected on the basis of counting statistics (average y2
0.96), indicating no large nonstatistical fluctuations. The
typical uncertainty of 10' in the polarizations is small
compared to the relative statistical uncertainties in the
asymmetries.

The warm asymmetries are close to zero for the trans-
verse data but not for the longitudinal data. We believe
this is due to few percent differences in the the tensor po-
larization P„of the deuteron beam when the deut, eron
spin is flipped. A similar problem was noted in Ref. [2].
The neutron yield depends on P„and is more sensitive
to P„ in longitudinal geometry than in transverse geom-
etry [12]. If P„changes coherently between the two spin
states, a nonzero neutron asymmetry results, unrelated
to spin-spin effects. The monitor should correct for this
changing yield, but does not, due to slight differences in
the beam profile subtended at the monitor and main de-
tector locations. Warming the target leaves this effect
unchanged, and subtracting t;he warm asyrrunetry from
the cold asymmetry reliably corrects for this systematic
difference [13].

o'"(8) = Bq(I)Bq(z) ) o»Pb(cos8). (5)

The longitudinal (8 = 0) and transverse (8 = z/2) spin-
spin cross sections can then be written as

(6)

where Ix = +3I/(I+ 1)PbP, for a target with spin I.
We set P~ ——P&

——1 to compare with the spin-spin cross
sections of Table I. For 3Nb with I =

2 we have I& =
1.57, giving

o'
f&

—
s(oL,

' + 2o'T')/1. 57 = —2.7 6 2.7 mb (7)

section o&0 is due to the central spin-spin potential Vjp,
and the cross section 0.

&& is due to the tensor spin-spin
potential Vj2. We neglect the o.

3& contribution because,
as mentioned earlier, the rank-three orientation parame-
ter Bs(I) is small. For the target and beam polarization
axes parallel and at angle 8 with respect to the beam di-
rection, the general form of equation 2.25 of McAbee et
aL [6] is then

III. ANALYSIS OF Nb RESULTS

The spin-spin cross sections derived from the longitu-
dinal and transverse asymmetries are shown in column 4
of Table I. The values are small, establishing the cross
sections to be less than 10 mb in both geometries.

The cross sections can be compared directly to the re-
cent distorted-wave Born approximation calculations of
McAbee et al. [6]. These authors used a valence-nucleon
model and modern effective nucleon-nucleon interactions
with exchange to derive spin-spin cross sections. The
nucleus Nb has one proton above the Z = 40 shell clo-
sure and the valence-nucleon model is expected to give
a reliable description of the spin-spin interaction. The
predictions are shown in column 5 of Table I. The mea-
sured transverse cross section is smaller than the pre-
dicted value, but overall the experimental bounds are
consistent with the model predictions. Similar agreement
in transverse geometry was noted by Heeringa ef al. [2].

More insight into the relative contributions of the cen-
tral and tensor potentials can be gained by writing the
spin-spin cross sections o" in terms of the spin-spin an-
alyzing cross sections o.

&p and cr&2 defined by McAbee et
al. [6]. In the limit of no spin-orbit coupling, the cross

o f 2
—

s (oI' —O'T')/1. 57 = 1.3 + 3.7 mb.

The valence model predictions are u&0
———7.6 mb and

3 3 mb. The experimental lu limit for the central
term is somewhat smaller than the predicted value, but
the tensor bound is quite consistent with the model.

To relate these spin-spin analyzing cross sections to
potentials we now consider spherical optical model de-

scriptions of the data. Heeringa et al [2] found. two

equally satisfactory optical model solutions to the spin-

spin cross section data for Nb: one solution with only a
central spin-spin term, the other with only a tensor spin-

spin term. Our measurements allow us to rule out the
tensor potential solution.

From their Fig. 2 we see that at 7.5 MeV, with Vqp

zero and Vq2 ———2160 keV, crT' is calculated to be —33
mb. From Eq. (6), therefore, of& is predicted to be 42
mb. This is much larger than our measured value of
1.3+3.7 mb, and a large tensor potential is therefore not
consistent with our data. In terms of the geometry used

by Heeringa et al [2] our measurem. ents imply V&2

—67 + 190 keV.
A similar scaling of their central potential solution

yields Vjp = 460 + 460 keV from our o&p measure-
ment, in agreement with their central spin-spin solution
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of Vjo = 10906 230 keV. The Nb spin-spin data taken
together are therefore well described by a predominantly
central spin-spin potential of order 1 MeV, with a small
tensor spin-spin potential of at most a few hundred keV.

IV. COMPARISON OF POTENTIALS
FOR C N Al, AND Nb

Here we compare the spin-spin potentials for Nb rel-
ative to potentials found for ~sC, rsN, and ~7AI. Be-
cause of the differences in geometries, we consider volume
integrals of the potentials rather than potential depths
directly. This is a more appropriate measure because,
as argued by McAbee e$ al. [6), cross sections for low-
momentum processes are more sensitive to volume inte-
grals than to well depths.

The signs of the volume integrals are of interest. These
are determined in transmission experiments because the
asymmetry depends on the spin-spin potentials in first
order. Overall signs are not determined in depolarization
experiments because the observable is sensitive to the
spin-spin interaction only in second order. However, the
relative sign between the central and tensor terms can in
principle be determined.

First, we consider the central spin-spin potentials. In
the valence model, the volume integral, Jqo, of the central
spin-spin potential, V~0, is related to the volume integral,J, of the central spin-spin term, v of the effective
nucleon-nucleon interaction [14]. Explicitly,

Jio = 4+V10 t' t' dr = —I E+ 1 2 J«.

Here we have adapted the expression given by Nakano ef
al. [4] to include a factor of I for unit-normalized po-
tentials. We also include a phase factor (—1)I I +~~ l (I
half integer) to take into account the change in sign of
the potential depending on whether the valence nucleon
has j—:I = Ek z. We take J«(rtn, pp) = 283 MeV fms,
and J«(np) = —213 MeV fms from the recent work of
McAbee et al [6]. T. he comparison of the theoretical
and experimental volume integrals Jqo is given in Table
II. The signs are in agreement. The experimental val-
ues tend to be slightly larger than the theoretical values

and, for ~ C, the value is about a factor of 2 too large.
However, Przewoski ef al. [3] pointed out that even a
small tensor potential Vj2 —25 keV changed their cen-
tral potential Vjo solution significantly, from 350 to 250
keV. We conclude therefore that a smaller value of Jio is
easily accommodated for C, and similarly for the other
nuclei.

Interestingly, the overall agreement would have been
poor using the early phenomenological value [5] of
J~ (np) = —45 MeV fm . If the ambiguities between
central and tensor potentials can be resolved, it is clear
that proton depolarization measurements and polarized
neutron transmission measurements can show good sensi-
tivity to the values of the volume integrals of the effective
interactions.

Second, we consider the volume integrals Jr2 of the
tensor potentials Vj2. No simple scaling law equivalent
to Eq. (9) has been given, but McAbee et al. [6] have
suggested that in the limit of no spin-orbit distortion,
ar'z/0 fs —1/(2+ 3/E) for a target with I = E+ ~z,

and 0'&&/o' f& 1/2(1+ &E) for a target with I = I —2.
This implies values of Jg2/Jyp —

s for "Al and Nb,
and Jrz/Jrp +~ for N. Our value of Vy2 = —67+190
keV for Nb gives Jq2 ——74+211 MeV fm, consistent in
magnitude with the scaling law (Jts 300 MeV fm from
Table II). Of course we cannot confirm the sign change.
The large tensor potentials found by Nakano ef al. [4] in

N correspond to volume integrals J~~ ———255 and 365
MeVfm respectively (sets III and IV respectively). The
scaling law prefers the set III potential solution (same
sign for Jyo and Jyz), but the magnitude of Jqz appears
about a factor of 2 too large compared with the Jio value
of —133 MeV fm3.

Roy et al. [16] found a nonzero tensor potential from
proton depolarization measurements on Be. In their cal-
culations, the central and tensor potentials were of com-
parable strength, V&2 Uto 1.2 MeV. The analysis is
more complicated than for tsC and ~sN, however. The
target spin is &, and quadrupole spin-Hip contributes sig-
ni6cantly to the depolarization.

We conclude that while current experiments do show
indications of a tensor spin-spin potential, more quan-
titative comparisons with theory will require additional

TABLE II. Volume integrals, Jqo in units of MeV fm for central spin-spin potentials in C,
N, Al, and Nb. The theoretical values J~o' '" in column 6 are calculated from Eq. (9),

using J values from Ref. [6]. The experimental values J~P' in column 7 are calculated from
unit-normalized potentials, Vrs derived from potentials given in Refs. [2—4].

Nucleus

13C

'5N

Al

93Nb

—213

283

—213

—213

JtheoIy
10

—94

213

JeXPt
10

140 + 20

—133+7
237 + 98

337 + 71'

Reference [3].
Set III from Ref. [4].

'Reference [2].
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measurements that can unambiguously separate the ef-
fects of the central and tensor terms.

V. CONCLUSIONS

We have reported the first measurements of spin-spin
analyzing cross sections in transverse and longitudinal ge-
ometries. The measurements allow a separation of cen-
tral and tensor spin-spin contributions to the neutron-
nucleus potential. The tensor spin-spin potential in MNb

is found to be small: Uj ~
———67k 190 keV. However, the

results are consistent with recent valence-nucleon fold-
ing model calculations which use a large value of the n-p
spin-spin effective interaction.

We have considered all recent data on spin-spin effects
and find agreement in sign and magnitude with the pre-
dictions of the valence model for the central spin-spin
term. The positive tensor spin-spin term found for N

by Nakano et al. [4] is consistent in sign with the pre-
dictions of the valence model, but larger than expected.
More quantitative comparisons of the tensor spin-spin

term await additional precise measurements in other nu-
clei.

It is clear that if the ambiguities between central and
tensor contributions can be resolved, accurate depolar-
ization and transmission measurements, such as those re-
cently reported, can show good sensitivity to the strength
of the underlying spin-spin effective N-N interaction.
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