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The spin-spin dependence of the total cross section of **Co for neutrons was measured at seven energies. A
polarized neutron beam with energies of 8.2, 11.1, 2.8, and 14.1 MeV from the H(d,%)’He reaction and
of 23.0, 27.5, and 30.6 MeV from the *H(d,7)*He reaction was transmitted through a cobalt sample. The
cobalt target was cooled with a *He-*He dilution refrigerator and polarized in a magnetic field. The
transmission rates of the neutrons were compared for parallel and antiparallel spin orientations. The values
obtained for the spin-spin cross section are much smaller than those found below 3 MeV. Deduced strengths
of spin-spin terms in the optical model are in the range of 1 MeV. This is of the same order of magnitude as

estimated from microscopic calculations.

[NUCLEAR REACTIONS %Co +n, E, =8-31 MeV; measured spin-spin dependent
transmission; deduced o ; deduced optical model spin-spin terms.

I. INTRODUCTION

Since Feshbach' suggested the inclusion of a
spin-spin term in the optical potential, several ex-
perimental and theoretical attempts have been
made to determine the properties of this term.
Two different experimental methods were applied:

(i) measurement of the depolarization of polarized
nucleons scattered by unpolarized nuclei,*™®

(ii) transmission measurements determining the dif-
ference in total cross section of polarized nuclei
for polarized neutrons with parallel and antiparal-
lel spin orientations.”!*

The extraction of a spin-spin term from depolar-
ization measurements is complicated by other me-
chanisms. For nuclei with spin I>%, quadrupole
spin-flip can occur and for low bombarding ener-
gies contributions from compound-elastic scatter-
ing to the depolarization may be important. Recent
calculations' '® show that the existing experimental
results can be described without a spin-spin term.
Hence a transmission measurement seems to be a
more precise method, at present, to determine the
nucleon-nucleus spin-spin term. In this experi-
ment the measured quantities are the counting
rates of the transmitted neutrons with spins paral-
lel (N,) and antiparallel (N,) to the spins of the
target nuclei. The transmission effect € is defined
as €=(N,-N,)/(N,+N,). For small values of € the
spin-spin dependent part of the total cross section
can be written as

04a=—€/(P,P,NL). (1)

Here P, and P, are the neutron and target polariza-
tions, respectively, N is the target density and L
the target length.

In a previous letter'® we reported on measure-
ments using polarized *°Co nuclei and polarized
neutrons in the energy range 0.4-2.9 MeV. Optical
model calculations fail to fit these data in the en-
tire energy range. Separate fits to parts of the da-
ta give results for the spin-spin term that differ in
sign. Moreover, the absolute values are about an
order of magnitude larger than theoretical esti-
mates.!" ' It was shown by Thompson'” that the da-
ta at these low energies might be explained by com-
pound-nucleus effects only. In this paper we report
on a continuation of these measurements to higher
energies where compound-nucleus effects are as-
sumed to be unimportant. The measurements were
performed at seven energies between 8.2 and 30.6
MeV.

II. EXPERIMENTAL ARRANGEMENT AND PROCEDURE

A schematic view of the experimental arrange-
ment is shown in Fig. 1. The deuteron beam of the
30-MeV cyclotron of the University of Hamburg
was used to produce neutrons utilizing the reac-
tions 2H(d,#)°He and *H(d,#)'He. The neutrons
emerging at an angle of 30° with respect to the in-
coming deuterons were collimated by heavy shield-
ing. The neutron beam passed the field of a super-
conducting solenoid which rotated the direction of
the neutron spins. The **Co target was a 210-g
single crystal, which was cooled to 0.05 K and
magnetized in the field of a superconducting split
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FIG. 1. View of the experimental setup. The drawing
denotes a cross section through the horizontal plane:
1—deuteron beam, 2—gas target cell, 3—Faraday cup,
4—shielding, 5—superconducting solenoid, 6—heavy
metal collimators, 7—cryostat mantle, 8—supercon-
ducting magnet. 9—cobalt target, and 10—neutron de-
tector; S—neutron spin, which lies in the horizontal
plane after passage through the solenoid, H—field of
the superconducting magnet, and f—spin of the cobalt
nuclei. T is antiparallel to H because of the negative
value of the internal field at the cobalt nuclei.

coil magnet. The resulting spin orientations for
the neutron beam and the target are also shown in
Fig. 1. The transmitted neutrons were detected
with a liquid scintillator using pulse-shape dis-
crimination techniques. The energy of the neutrons
was measured by the time-of-flight method. A
second time-of-flight spectrometer was used at a
different neutron production angle to monitor the
flux from the neutron source.

A. Polarized neutron beam

The target and collimator arrangement for the
production of a monoenergetic polarized neutron
beam has been described in detail elsewhere.'®
The gas target cell was a steel cylinder with mo-
lybdenum windows, filled with *H, and *H,, respec-
tively, and cooled by liquid nitrogen. The target
area was surrounded by shielding compcesed of con-
crete, tungsten, copper, iron, and paraffin.’® A

TABLE I. Results of the spin-spin cross section of
polarized *°Co for polarized neutrons (P;=0.28+0.03,
NL=3.4%10% nuclei/ecm?.

€

(parts per

E, (MeV) P, (%) thousand) g, (1nb)
8.2+0.1 11.0+1.5 -0.9+1.1 +86+112
11.1+£0.1 35.0%0.8 —-0.4+0.9 +12+ 28
12.8+0.1 43.0+0.7 1.7+0.9 —42+23
14.1+0.1 43.5% 0.7 0.3+0.8 -7+19
23.0+0.1 60 +2 -0.4£0.9 +7+16
27.56+0.1 72 %3 -0.1+1.9 +1+28
30.6+0.1 68 *4 -3.2%1.6 +49+25

transmission channel at 30° with respect to the in-
coming deuterons gave a collimated neutron beam
of about 5-cm diam. The superconducting solenoid
for the rotation of the neutron spins was part of the
shielding. The neutron beam was collimated once
more to a diameter of approximately 15 mm to
make sure that it was shadowed from the detector
by the cobalt target. The distance between the neu-
tron source and the cobalt target was 280 cm.

The polarization of our neutron beam produced by
the reaction ®H(d, #)°He was measured with a liq-
uid-"He polarimeter at five deuteron energies from
8 to 16 MeV.2° Calculations at neutron energies of
15 and 30 MeV 2! showed that in our experimental
arrangement the depolarization effects caused by
Mott- Schwinger scattering are very small. For the
neutron energies above 16 MeV we may therefore
use the neutron polarization data from the litera-
ture.* The values of the beam polarization applied
in our analysis are listed in Table I.

B. Polarized cobalt target

The cobalt target was a 210 g, approximately cy-
lindrical, single crystal of 5% Fe and 95% Co with
a length of 40 mm and a diameter varying from 26
to 29 mm. The neutron beam direction was paral-
lel to the longitudinal axis of the sample. For this
arrangement the effective target thickness is NL
=3.4 X 10% nuclei/cm?.

The target was ccoled to about 50 mK in a *He-
‘He dilution refrigerator built at the physics labo-
ratory in Groningen. A schematic drawing of the
lower part of the refrigerator is shown in Fig. 2.
Its construction was roughly the same as that of the
one described in Ref. 23. More details of the cryo-
stat and the target assembly will be given in Ref.
27. A split-coil superconducting magnet was con-
nected to the bottom of the 4-K bath. The cobalt
sample was magnetized in a direction of easy mag-
netization perpendicular to the longitudinal axis by
applying a field of about 0.9 T. The polarization
was determined by measuring the anisotropy of the
y radiation of a small amount of °Co (5 uCi) which
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FIG. 2. Schematic drawing of the lower part of the
dilution refrigerator: 1—outer mantle, 2—liquid nitro-
gen reservoir, 3—4.2-K liquid helium bath, 4—pump-
ing iube for 1.0-K liquid helium bath, 5--*He pumping
tube, 6—>He return line, 7—1.0-K helium bath, 8—flow
impedance, 9—3He evaporator, 10—continuous heat
exchanger, 11— step heat exchangers, 12—mixing
chamber, 13—1-K shield, 14—superconducting magnet,
15—cobalt target, 16—4-il shield, 17—77-K shield,
18—windows, and 19—neutron beam direction.

has been produced in the target by activation in a
reactor. The deduced target polarization during
this experiment is P,=0.28+0.03. During the neu-
tron transmission experiments the temperature
was monitored by carbon resistors.

C. Neutron detection and acquisition of data

The neutrons transniitted through the cobalt sam-
ple passed a third carefully positioned collimator
of heavy metal, which shielded the detector against
the neutrons scattered in the sample. The detector
was a 10-cm diam X 7.5-cm long liquid scintillator
(NE 213), which was viewed by a fast photomulti-
piier {(Valvo XP 2G41). The neutron energy was
measured by the time-of-flight method. A signal
derived from the cyclotron radio-frequency served
as a time reference. The overall time resolution
full width at half maximum was 1.5 to 2.0 nsec.

The discrimination against y rays was done using
the zero-crossing method. We set a rough elec-
tronic threshold in this pulse-shape spectrum to
avoid high counting rates from y rays in the analog-
to-digital converters.

For each accepted event three pieces of infcrma-
tion were stored on magnetic tape using a PDP-9
computer: (a) the time-cf-flight (TOF) between
neutron source and detector, (b) the analog pulse-
chape (PS) information, and (c) the energy (E) of
the recoiled particle in the detectcr. The projec-
tions of the three-dimensiona! data could be ob-
served during the experiment. This allowed the de-
tection of changes in the spectra due to variations
of the cyclotron beam, the gas target, or the detec-
tion system. Figure 4 shows the important parts cf
these projections for a run of about 1000 sec at a
neutron energy of 8.2 MeV. The arrows indicate
typical lower and upper limits used in the data re-
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FIG. 3. Time-of-fiight spectra of the neutrons pro-
duced by the *H(d, ») reaction [(a) E(n,) =14.1 MeV] and
the H(d,n) reaction [(b) E(n,) =30.6 MeV], respectively.
The flight path from the gas target to the detector was
320 cm.
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duction. The monitor was a similar TOF spectro-
meter with pulse-shape discrimination and a fixed
lower energy level. These TOF spectra were also
stored in the PDP-9 computer during each trans-
mission measurement.

To suppress the influence of time dependent
changes in the apparatus the field of the supercon-
ducting solenoid was reversed each time a charge
of 10" C was collected. This gave runs of about
1000 sec at the typical beam current of approxi-
mately 1 pA. Depending on the neutron energy, 10*
to 10° accepted transmission events were collected
in this time interval. The monitor counting rate
was about a factor of 100 higher.

Control measurements were performed with the
target unpolarized to look for instrumental asym-
metries. For example, a misalignment of the third
heavy metal collimator would cause an apparent
asymmetry due to the high analyzing power of
Mott-Schwinger scattering for small angles. For
this purpose the cobalt sample was brought to a
temperature of 1.0 K. The polarization of the sam-
ple at 1.0 K is completely negligible in our case.
Nothing else was changed compared to the “cold”
measurements. The counting rates for the “warm”
and the “cold” measurements were of the same or-
der of magnitude.

As can be seen already from the original TOF
projections (Fig. 3) the peak-to-background ratio
was very high due to the clean spectra from the
neutron source. Background measurements were
performed with a piece of heavy metal inserted in
the path of the neutron beam as a total attenuator.
The very small background was flat in the region
of the TOF peak.
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III. EXPERIMENTAL RESULTS

The first step in the data reduction was to find the
minimum between the neutron and y peak in the PS
spectrum [Fig. 4(b)] by fitting the region around the
minimum with a parabola. Then lower and upper
levels were set in the E spectrum [Fig. 4(c)]. The
upper level limited the high-energy tail where pile-
up events and amplifier saturation may occur.
Three different lower levels were used for a con-
sistency check. Firstly, the hardware level, sec-
ondly, a slightly higher level which removes the
usually quite steep slope at the beginning of the
spectrum (5-10% of the counts), and, thirdly, a
much higher level which removes 20-50% of the
counts. Then all events between the levels in the
PS and E spectra were projected on the TOF axis.
The TOF spectra for both relative spin orientations
were summed separately and a linear background
subtraction was performed.

In this way three values of € were obtained at
each neutron energy corresponding to the three
lower energy levels. These numbers were found
to be consistent within statistics. Usually, the in-
tegrated deuteron current was adequate for nor-
malization. In only two of the 420 runs was it nec-
essary to rely on the monitor counter, because the
pressure in the gas target had considerably
changed during the runs due to ineffective cooling.
The final results of the experiment are shown in
Table I. The errors in € are statistical. In oy the
uncertainties of the beam and target polarization,
respectively, are taken into account. No correc-
tions have been made for finite geometry effects
since the distances between neutron source, tar-
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FIG. 4. Projections of a 3-dimensional neutron spectrum at 8.2 MeV: (a) part of the time-of-flight axis with the
’H(d ,n)*He-neutron peak, (b)z-y discrimination spectrum with electronic threshold in the y region, and (c) proton re-
coil energy distribution. The arrows indicate lower and upper limits used in the data reduction.



16

TABLE II.

SPIN-SPIN DEPENDENCE OF THE TOTAL CROSS SECTION...

Results of control measurements with un-

polarized target (NL =34 X10% nuclei/cm?).

€

(parts per
E, (MeV) P, (%) thousand) €/P,NL (mb)
8.2+0.1 11.0+1.5 -1.5+0.9 —41 =24
11.1+0.1 35.0+0.8 -0.3+1.0 —-2.5+84
12.7+0.1 43.0+0.7 -0.6+1.1 -4.2+17.6
14.2+0.1 43.5+0.7 0.9+0.9 6.2+6.2
23.0+0.1 60 *2 -1.5%£1.0 -7.3%£5.0

get, and detector were large. A statistical com-
bination of the measurements with unpolarized tar-
get listed in Table II yields €/(P,NL)=-3.1+3.6
mb. Therefore we assume that false asymmetries
were not important in this experiment.

IV. OPTICAL MODEL CALCULATIONS

In Fig. 5 the results of o, from Table I are
shown together with energy averaged values ob-
tained from previous measurements at lower ener-
gies.'® It has been found'? that the low-energy data
(<3 MeV) cannot be reproduced using a spin-spin
term in the optical potential. A recent estimate!”
shows that at these low energies (where the com-
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FIG. 5. Fits to the spin-spin cross section of *°Co for
neutrons using different spin-spin terms in the optical
potential. Low energy data from Ref. 13 are averaged
over energy intervals of 500 keV.
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pound-nucleus levels are isolated) the measured
effects may be explained by a compound-nucleus
absorption model. The levels of the compound nu-
cleus start to overlap strongly with increasing en-
ergy. Using results from Refs. 28 and 29 for the
level width ' and from Ref. 30 for the level density
D, it is found that I'/D increases from I'/D ~0.3 at
E,=1 MeV to T'/D=~300 at E,=10 MeV for levels of
definite spin and parity (/"=3" or 47). The com-
pound-nucleus absorption model that reproduces
the spin-spin effects at low energies does not apply
in the region of strongly overlapping levels and we
assume that the effects are averaged out in that re-
gion. Moreover, compound-nucleus formation de-
creases above 10 MeV because of the increasing
importance of direct nonelastic processes.?!
Therefore, we assume that compound-nucleus spin-
spin effects are negligible in the energy range of
our measurements. In that case the data may be
compared with calculations using optical model
spin-spin terms.

The two simplest invariant forms of a spin-spin
term are the spherical form (2a) and the tensor
form (2b):

US(#)==VS,F,)G-1/I, (2a)
Ul(F) ==V F,@[3G 7T -7)-5-T]/21. (2b)

The strengths V5, and V. are expected to be small
compared to the other terms in the optical poten-
tial so oy can be calculated using distorted wave
Born approximation (DWBA). Calculations were
carried out with the DWBA code SPINSOR ** provided
by Sherif. This code computes the scattering am-
plitudes in the presence of a spin-spin interaction
and calculates the Wolfenstein parameters as a
function of angle.

The spin-spin cross section can be written as'®:

- 4n t n o
U“—ﬁ"—ﬁ ImTr[ p'p" £,(0°)]. (3)

Here p’ and p" are the density matrices for the tar-
get and incident neutrons and f, is the spin-spin de-
pendent part of the scattering amplitude. The code

SPINSOR was extended to calculate o according to

Eq. (3).

Calculations by Fisher et al.'? revealed that vari-
ations of the optical model parameters do not
change the results for o, essentially at neutron en-
ergies above 8 MeV. This was confirmed by our
calculations, hence we omit this topic in our dis-
cussion. The optical model parameters used were
those of Wilmore and Hodgson?® for neutron ener-
gies below 12 MeV and of Becchetti and Greenlees®
for higher energies. Calculations were performed
with the spherical term and the tensor term sep-
arately. In both cases two radial form factors
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werz used, of Woods-Saxon (volume) and of Woods-
Saxon derivative (surface-peaked) shape.

For the volume shape we took the parameters of
the central potential of the Becchetti-Greenlees set
(R=4.55 fm, @a=0.75 fm). Fitting the data to the
spherical spin-spin term with these parameters
yields V §,(vol.)=~0.35+0.25 MeV and fitting to the
tensor term: V! (vol.)=1.5+1.1 MeV. The corre-
sponding curves of o, as a function of energy are
shown in Fig. 5. It can be seen that an acceptable
fit to our data and the earlier results below 3 MeV
is not possible.

Microscopic calculations concerning the spin-
spin potential of *°Co for neutrons were per-
formed by Satchler.!® In this work the 3°Co nu-
cleus was treated as a single proton hole in the
1f,,, shell plus a core which can be polarized. The
resulting spherical spin-spin term has a surface-
peaked shape with a maximum value of —-350 keV.
[In Ref. 16 the maximum is —100 keV, because
there V4 () is defined without the factor I in the de-
nominator.] The form of this surface-peaked shape
can be well approximated by a Woods-Saxon deriva-
tive form with R =3.50 fm and a=0.55 fm. Fits to
our data with this shape for the spherical term give
Vi (surf.)=-1.2+0.8 MeV. The corresponding
curve for oy is also shown in Fig. 5. No detailed
structure was deduced in Ref. 16 for the tensor
term. It was concluded that its strength is probably
less than 0.1 MeV. A fit with the tensor term with
surface-peaked shape gives V! (surf.)=3.0£2.0
MeV. The curve obtained coincides with the curve
for V! (vol.)=1.5 MeV.

V. CONCLUSIONS

In the past decade several experiments were per-
formed in order to determine a spin-spin term in
the optical model. Recently it became clear, how-
ever, that the results of almost all these measure-
ments are questionable due to the presence of other
mechanisms that may have caused the measured
effects. The explanation of the existing depolariza-
tion data is complicated by the occurrence of quad-
rupole spin-flip and by depolarization through com-
pound-elastic scattering.

All earlier transmission experiments were per-
formed with neutrons below 3 MeV (except two
single data points at 8 MeV). At these low ener-
gies spin-spin effects can appear due to differences
in the compound-nucleus absorption cross section
for parallel and antiparallel spin orientations. The
transmission data presented here were obtained at
seven neutron energies between 8 and 31 MeV. We
found much smaller values for the spin-spin cross
section than those obtained below 3 MeV. Presum-
ably the compound-nucleus spin-spin effects have
disappeared above 8 MeV. In comparing our data
with optical model calculations, different kinds of
spin-spin terms were used. The deduced strengths
were of the order of 1 MeV.

From our measurements alone it is not possible
to conclude whether the spherical or the tensor
spin-spin term is dominating. It has been shown®
that in order to discriminate between these terms
a second transmission experiment has to be per-
formed, this time in the longitudinal geometry.
This means that the spins should be parallel or an-
tiparallel to the neutron direction of flight (our ex-
periment was performed in perpendicular geome-
try). It seems reasonable, however, to assume
that the contribution of the tensor term is less im-
portant. Firstly, the estimates in Ref. 16 indicate
that the tensor strength is smaller than the spheri-
cal strength. Secondly, it appears from the calcu-
lations that a tensor term with the same strength
as the spherical term produces smaller spin-spin
effects. If we consider only the spherical term,
the experimental value of the strength V3 (surf.)
=-1.2+0.8 MeV can be compared with the theoreti-
cal value +0.35 MeV from Ref. 16.
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