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Three polarization distributions over the angular range from 15' to 135' (lab) have been obtained for
neutrons produced in the Be'(d, n) B'0 reaction. Polarization distributions were obtained for deuteron bom-
barding energies of 1.56, 2.064, and 2.48 MeV. Polarization measurements were made for up to Ave neutron
groups corresponding to transitions to the ground- and the 0.72-, 1.74-, 2.15-, and 3.58-MeV states of B".
A liquid-helium time-of-Right coincidence neutron polarimeter was used to make the measurements. In
general, the polarization of the neutrons from the ground state is negative at forward angles and positive
at back angles for deuteron bombarding energies from 1.56 to 2.48 MeV, whereas the polarization of the
neutrons from the excited states is positive for forward angles and negative for back. angles, the exception
being neutrons from the 1.74-MeV level in B' . The maximum polarization observed is about 35%.

I. INTRODUCTION

& ~URING the past few years, several measurements
of neutron polarization from (d, n) reactions on

light nuclei have been performed for deuteron energies
below 10 MeV. ' "The distorted-wave Born approxima-
tion (DWBA) has been very successful in calculating
angular distributions of heavy and medium weight
nuclei. " In a few cases, DWBA also has been used
successfully to calculate polarization eQects on heavy
and medium weight nuclei. ""Attempts to calculate

' M. M. Meier, F. O. Purser, Jr., and R. L. Walter, Phys. Rev.
163, 1056 (1967).

2 J. R. Sawers, Jr., F. O. Purser, Jr., and R. L. Walter, Phys.
Rev. 141, 825 (1966).' G. L. Morgan, R. L.Walter, C. S.Soltesz, and T. R. Donoghue,
Phys. Rev. 150, 830 (1966).

4 M. M. Meier, L. A. Schaller, and R. L. Walter, Phys. Rev.
150, 821 (1966).' R. S. Thomason, M. M. Meier, J. Taylor, and R. L. Walter,
Bull. Am. Phys. Soc. 13, 603 (1968).
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by E. Clementel and C. Villi (Gordon and Breach, Science Pub-
lishers, Inc. , New York, 1962).

'7 I'roceedings of the Second International Symposilm on Polari-
zation I'henomenu on Nucleons, edited by P. Huber and H.
Schopper (Birkhauser Uerlag, Basel and Stuttgart, 1966), p. 203.
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J. T. Sample, Nucl. Phys. A119, 146 (1968).
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polarization effects in (d, ri) reactions on light nuclei
have proved at best only qualitatively successful. ""
The application of DWBA theory to these nuclei is
complicated by the following circumstan. ces: (1) The
optical model, which requires averaging over an energy
interval containing a number of compound nuclear
resonances, is of limited applicability" for light nuclei
whose resonances are fewer and more separated. Also
for very light nuclei, exchange reactions may occur
with sufficient frequency to render the optical model
invalid. " (2) The validity" of the perturbation treat-
ment applied in the DKBA theory has to be investi-
gated for low bombarding energies where the perturba-
tion is no longer small compared with the incident
energy. (3) The effect of the D-state component of the
deuteron24" internal wave function, which is usually
omitted, may be important. (4) Inclusion of tensor
potentials in the calculation of the deuteron scattering
wave function could be significant. " (5) There is in-
sufficient evidence to justify an assumption that the
direct reaction model should describe polariz'ation
efects for relative low bombarding energies where
compound nucleus formation is k.nown to be a com-
petitive reaction mechanism. In fact, recent compari-
sons of angular distribution and polarization data from
(d, n) reactions with the results of DWM. calculations

9 N. P. Babenko, K. A. Gridnev, and Yv. A. Nemilov, Yadern.
Fiz. 7, 751 (1968) LEnglish transl. : Soviet J. Nucl Phys. 7, 1037
(1968)].
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(Clarendon Press, Oxford, 1963), pp. 16—18."N. Austern, in Selected Topicsin ENcleur Theory, edited by F.
Janouch (International Atomic Energy Agency, Vienna, 1963),
pp. 60 and 61."R.C. Johnson, Nucl. Phys. A90, 289 (1967).

2'Direct Interactions und %+clear Reaction Mechanisms, edited
by E. Clementel and C, Villi (Gordon and Breach, Science Pub-
lishers, Inc., New York, 1962), p. 233."G.R. Satchler, Nucl. Phys. 21, 116 (1960).
f63



T. G. MILLER AND J. A. BIGGERSTAFF

START
t/c

SIDE
COUNTER

FROM - t/c
8EAM

PICK-OFF CEN
COU

DELAY

I
DVi

; = DOLDA
I

I
I

START
t/c

)STOP

— DOLOA

STOP
t/c

START

ANALYZER

I

GATE GATE
LEFT RIGHT

L

SIDE l

O)j
' —DOLOA

t/c
START

DEL
STOP I i START

AND

STOP

I

I

SCA

I

I

SCA
(COPO)

SCA

SCA

SCA

l

SCA= (copo)
I

STOP
I

I

SCA
I

I

1(

SLOW GATE
COIN LEFT

II

SLOW GATE
CO I N RI G HT

was chosen. This (d, I) reaction is suitable for studying
these trends for the following reasons: (1) The
Bes(d, P) Be" reaction has been studied in some detail
at energies of interest to this experiment. (2) The
Bes(d, e)B" reaction is relatively free of resonance
structure, although Siemssen et al. '9 report indications
of resonance structure in the Bes(d, N)Bt' reaction at
2.1 MeV. A strong resonance was found at 1.0 MeV
in the Bes(d, e)BM reaction by Shpetnyi, " but this
resonance has not been seen by others. "It was hoped
that polarization excitation curves v ould shed light on
these resonant structures. (3) The Bei'(d, n)B" reac-
tion is amenable for study by the methods to be used
here, i.e., pulsed-beam time of flight. The cross section
for neutron production is fairly large, and the neutron
groups are well separated in time for the deuteron
energies used here.

FIG. 1. Block diagram of electronics used in neutron polariza-
tion experiment. The y discrimination circuitry is enclosed by
dashed lines. SCA stands for single channel analyzer, DDLDA
stands for double delay line differentiated analyzer. COPO stands
for crossover pickoff and t/c stands for time-to-pulse height con-
verter.

which also include compound nucleus contributions
have been encouraging. ~7 "

Siemssen et al."have found that for stripping reac-
tions on light nuclei the angular distributions often do
not change significantly even near compound reso-
nances, although the differential cross sections fluctuate
strongl'y, They find that in some cases the angular
distributions on the resonances are even more char-
acteristic of a direct process than are those measured
oft the resonance. Elwyn et a/. 30 find for the reaction
C"(d, n) N" that the shape of the angular distributions
averaged over bombarding energy is probably given by
the direct amplitude alone with the compound ampli-
tude contributing a more or less isotropic background.

Researchers at Duke University have studied neutron
polarization for several (d, I) reactions on light nuclei' s

and report a characteristic trend for their results. They
note that for several (d, n) reactions which proceed
with an orbital angular momentum transfer of one
unit, polarization functions similar to that which per-
sists in the C"+d reaction are obtained. They have
also noted the similarity of the polarization produced
in the C"(d, ss) and C"(d, p) reactions at certain en-

ergies. The B"(d, e) C" and B"(d e) C's reactions are
special cases which do not follow this pattern. ' '~

These results suggest that direc't reactions play a
large part in (d, ss) reaction on light nuclei. In order to
study these trends further, the Bes(d, ss)B" reaction

"O. Dietzsch, D. Wilmore, and P. E. Hodgson, Nucl. Phys.
A106, 527 (1968).

'8 P. E. Hodgson and D. Wilmore, Proc. Phys. Soc. (London)
90, 361 (1967).

2' R. M. Siemssen, M. Cosack, and R. Feist, Nucl Phys. 09,
227 {1965).

30 A. Elwyn, J. V. Kane, S. Offer, and D. H. Wilkinson, Phys.
Rev. 116, 1490 (1959).

II. APPARATUS AND PROCEDURE

The polarization measurements were made at the
Oak Ridge National Laboratory. A deuteron beam
produced by the ORNL 3 MV Van de Graaff accelera-
tor, operated in the pulsed mode, was allowed to strike
a, beryllium target of 250-pg, /'cm' thickness. The polari-
zation of the emitted neutrons was determined by ob-
serving the asymmetry in elastic scattering from liquid
helium. Two counters were used simultaneously and
then interchanged to cancel counter efFiciency differ-
ences. By the use of this technique, it was possible to
determine the asymmetry for up to five groups of
neutrons simultaneously. The angle 82 was set equal
to 123' (lab) for this experiment. The polarimeter used
is the same as previously described'3" except that
liquid scintillators of NE 213 were used as side coun-
ters in the present work. These scintillators vere cyl-
inders 2 in. long by 2 in. diam, positioned with their
axes of symmetry normal to the scattering plane at a
distance of / in. from the liquid helium. The NE-213
scintillators were mounted on XP-1020 photomultiplier
tubes. Pulses produced by gamma rays and noise in the
side counters were eliminated by using zero crossover
pulse-shape discrimination techniques. '~"

A block diagram of the electronics is shown in Fig. 1.
Energy selection was accomplished by conventional
time-of-Qight techniques between a beam pickoff

3'A. I. Shpetnyi, Zh. Eksperim. i Teor. Fiz. 32, 423, (1967)
LEnglish transl. : Soviet Phys. —JETP 5, 357 (1967)j.

3'Q. C. Neilson, W. K. Dawson, F. A. Johnson, and J. T.
Sample, Suffield Technical Paper No. 176, Sufheld Experimental
Station, Ralston, Alberta, 1960 (unpublished) .

33 T. Q. Miller, Nucl. Instr. Methods 40, 93 (1966)."T.G. Miller, Nucl. Instr. Methods 43, 338 (1966).
3' R. W. Peelle and T. A. Love, Instrumentation Techniques in

Nuclear Pulse Analysis (National Academy of Science—National
Research Council, Washington, D. C., 1964), Nuclear Science
Series, Report No. 40, p. 146.

36 D. Landis and F. S. Goulding, Instrumentation Techniques in
Nuclear Pulse Analysis (National Academy of Science—Na-
tional Research Council, Washington, D.C., 1964), Nuclear
Science Series, Report No. 40, p. 143.

» T. Q. Miller, Nucl. Instr. Methods 03, 121 (1968).
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placed just before the beryllium target and the liquid-
helium polarizer-analyzer. Additional energy selection
and background reduction was achieved by using a
fast-slow coincidence system between the s'catter and
the side counters. Fast coincidences between pulses
from the helium scintillator and the side counters were

detected vrith time-to-pulse height converters fed by
the anodes of the center and side counters. The slow

portion of the "fast-slow" system consisted of signals
from the pulse shape discrimination circuit (shown by
dashed lines in Fig. I) with the single-channel analyzer
set to pass neutrons. It was also possible to do energy
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width, and height of each peak. Figure 2 (top: solid
line) shows the fit for a set of experimental data. Note
in Fig. 2 (top) that a, small constant background was
subtracted from the initial data before the data were
fitted. The counts under the kth Gaussian is then found
by integrating the function

OQ (x—xs) '
y= ys exp —,= (2sr) "'ysos. (2)

00 2 (Tp

Figure 2 (bottom) shows each Gaussian with the back-
ground subtracted. From four such sets of experimental
data, the asymmetry could be determined for a given
deuteron bombarding energy at a particular angle.

The statistical uncertainty DP„ in P„was determined
in accordance with the assumption that the contribu-
tions from each of the separate factors considered were
uncorrelated.

—10-20-30
where

(AP )'= Q (8P„/Bf,)'(Af, )',

BP /Bf,
-40
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Fzo. 3. Angular dependence of neutron polarization from the reac-
tion Be'(d, stol B"for three deuteron bombarding energies.

measures the sensitivity of P„ to the parameter f, and
&hf; is the assumed uncertainty in that parameter. In
calculating the statistical uncertainty, the number of
counts E in a particular peak was assumed to be given
by

n

y= g ys exp
k=1

(x—xs) '

where x&, a&, and y& represent the position, half-width,
and height of the kth peak, and m is equal to the num-
ber of Gaussian peaks in the data to be fitted. A com-
puter code was written that fits the data by the method
of differential corrections. " From the experimental
data, initial estimates are made of the position, half-

P "K.Nielsen, Methods srt Nttmerscal Artalysts (The MacMillian
Co., New York, 1964), 2nd ed.

discrimination on the dynode signal from the liquid-
helium scintillator. Output pulses from the coincidence
network were used to gate a 4096-channel analyzer.
Time-of-Qight spectra for neutrons which scatter to
the right and to the left mere routed to separate sec-
tions of the analyzer memory. At deuteron bombarding
energies used in this experiment, up to 6ve neutron
groups are emitted corresponding to the ground and
0.72-, 1.74-, 2.15-, and 3.58-MeV states of 3".A typical
time-of-fhght spectrum is shown in Fig. 2 (top: small
circles) where the different peaks represent the different
neutron groups. Vnder typical operating conditions, the
accelerator produced about 10-pA average current at
less than 2-nsec pulse width. The over-all system resolu-
tion was about 2.5 nsec (FWHM) for the neutron
peaks.

In order to obtain the counts under each peak, it was
assumed that the peaks can be approximated as Gauss-
ian, and hence the complete curve could be fitted by a
summation of the form
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FIG. 4. Angular dependence of neutron polarization from the
reaction Bee(d, ge. '/Q)BM for three bombarding energies.

where Eg represents the total counts and E~ represents
the background counts under the peak.
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A Monte Carlo code similar to a code by Aspelund
and Gustafsson" was written which derives the polariza-
tion of the neutron beam from the measured asymme-
try. '" The code uses the phase shifts of Hoop and
8arschall4' to derive the necessary parameters, the
angular distribution da/dQ, the polarization E, and the
spin rotation parameter P needed for consistent tracking
of polarization eRects in successive neutron scatterings
from the spin-zero nuclei helium. The code adjusts the
initial input polarization needed to reproduce the mea-
sured asymmetry. Since the code uses the actual
geometry of the experiment, the data are automatically
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FIG. 6. Angular dependence of neutron polarization from the
reaction Be'(d, aq. &q}B"for three deuteron bombarding energies.
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at forward angles and positive at back angles for deu-
teron bombarding energies from 1.56—2.48 MeV, where-
as the polarization of the neutrons from the excited
states is positive for forward angles and negative for
back angles. The exception is the neutrons from the
1.74-MeV level in 8" at 1.56 and 2.48 MeV. The
polarization of the neutrons from this level tend to be
negative for all angles less than about 120' for deuteron
bombarding energies of 1.56 arid 2.48 MeV. The shape

corrected for finite geometry and multiple scattering.
The code calculates polarization effects for up to four
scatterings and assumes zero polarization for higher-
order scatterings. The measurements reported here are
in agreement with the Basle sign convention. 4'

III. RESULTS AND DISCUSSIONS

The results of the polarization distribution measure-
ments are presented in Figs. 3—8. In general, the polari-
zation of the neutrons from the ground state is negative
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"O. Aspelund and B. Gustafsson, Nucl. Instr. Methods 47,
197 (1967)."T.G. Miller, F. P. Gibson, and G. W. Morrison, Bull. Am.
Phys. Soc. )3, 1444 (1968).

4'W. Morrison, T. G. Miller, and F. P. Gibson, Computer
Technology Center Report No. 9, Oak Ridge, Tennessee (un-
published) .

4~ B.Hoop and H. H. Barschall, Nucl. Phys. 83, 65 (1966).
43 Helv. Phys. Acta, 3uppl. 6, 436 (1961).
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FIG. 7. Angular dependence of neutron polarization from the
reaction Be'(d, n3.58)B' for two deuteron bombarding energies.
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of the distributions for each level do not change appreci-
ably, except for the neutrons from the 1.74-MeV level
in B", as the deuteron bombarding energy is changed
from 1.56 to 2.48 MeV. The sign of the polarization
tends to change in the interval of 60' to 90' (c.m. )
for neutrons from all levels except neutrons from the
3.58-MeV level in 8'0. These distributions tend to be
positive for angles less than 40' (c;m.) and negative for
angles larger than 40' (c.m.).

The results of the neutron polarization for the
Beo(d no)Bio Beo(d, no 7,)Bio and the Beo(d +, ro)Bio
reactions are presented in Fig. 8 for 8& equal to 120' for
E~ equal 0.9 to 2.48 MeV. The neutron polarization for
the ground-state group is negative for energies between
0.9 and 1.5 MeV and positive for energies between 1.5
and 2.48 MeV. The neutron polarization for neutrons
from the 0.72- and 2.15-MeV levels in 3' is negative
and shows little structure between 0.9 and 2.48 MeV.
These results do not rule out the possibility of a
resonance at 1 MeV, as found by Shpetnyi, " as the
polarization of the ground-state group does show some
structure around 1 MeV. Additional data below 1. MeV
and at other angles would be helpful.

It is interesting that the Be'(d, Np) B"neutron polari-
zation. is similar to the Be'(d, pp)Be' proton polariza-
tion. 44 One would not necessarily expect a similarity
since 8' and Be' are not mirror nuclei. Neglecting
Coulomb eGects, one would expect the neutron polariza-

tion from the lowest T= 1 state in B' (1.74 MeV) to
resemble the proton polarization from the Be'(d, np) Be"
reaction. At 2.50 MeV, Blue ef a/. 44 measure a proton
polarization that is negative for angles less than 50'
(c.m. ) and positive above 50' (c.m. ) except at about
138' (c.m. ) where the polarization is again nega, tive.
The polarization reported here for neutrons from the
1.74-MeV level in 8' is negative for all angles mea-
sured between 0' and 140' (c.m. ).

Attempts to 6t both the cross section and the polari-
zation data using the DWBA code JUI.Iz4' have been
unsuccessful, although it has been possible to obtain
qualitative fits to either the cross-section data or the
polarization data. individually.
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