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ABSTRACT

The polarization in n-d scattering has been measured at
incident energies 7.9, 16.4, and 21.6 MeV using neuérons
from the 9Be(OL,n)IZC and 3ﬁ(d,n)qu reactions. The"
polarization an;lyzer was a deuterated anthracene scintil-
lation crystal. Reqoil deuterons from n-d elastic scat-
tering witﬁin thé crystal were studied ;nd pulse shape
discrimination (PSD) was used to determine the left-right
asymmetry of the recoils.A The éxperimental method depends
on the fact that the PSD response of the crystal is sensi-
tive to the direction of the recoil deuteron relative to
the crystal axes. The results obtained are compared with
theoretical calculations from the literature and with other
measﬁrements. A comparison of the n-d and p~d polarization

data reveals no evidence of breaking of the charge symmetry

of nuclear forces.
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CHAPTER I

INTRODUCT ION

Both theoretical and exberimentai work on the three-body system can be divided
into .two periods; pre- and»'post~Faddeev. Before 1961, which was pre-Faddeev,
the theoretical work was directed along the lines which had proven highly suc-
cessful in atomic physics. Quantum mechanics had been applied with great
success to interpret a very wide range of phenomena in this field, including
complex atomic and molecular structure. However, a key factor in this success
wés the fact that the basié‘law of force, ﬁhé Coulomb law, was known. In con-
trast, nuclear physics was beset not only by the difficulties of applying
“quantum mechanics to complicated systems, but also by the additioﬁal difficulty

that the basic nuclear force law was unknown (Ve57).

at

Thus, apart from the difficulty of handling the wave equation for a many-body
system, it was not known which wave equation to solve. The problem in nuclear
physics was therefore twofold: first, to find ;he laws of the nuclear forces,
and second, to calculatebthe nuclear properties resulting from those forces
_(B152). Since there was no satisfactory fundamental theory of nuclear forces,
the object was to find the law of force which, when applied to nuciei, would
reproduce the observed properties. This attempt met with several difficulties.
Knowledge of nuclear properties was not very accurate, so there have been
several laws of force whose implications were in agreement with the then-present
experimental data. Also, the methods of célculating nuclear properties for
~all but the simﬁlest nuclear processes were b;sed on approximations whose
_accuracy was doubtful at best. Hence, a reliable and unambiguous test for any

given force law was seldom possible.

The starting point was the N-N interaction based on a study of two-body

scattering experiments and bound states. However, scattering experiments-for



the N-N interaction were not sufficient for a knowledge of fbrces off-the-
energy shell. This kind bf two-body information is available only from three-
body experiments. The study of the three-body problem would, in.principle,
allow an estimate of the importance of thrée—body, and many-body, forces in
nuclei. If the two—body force.were known, and if no additional forces were
present, fhe wave'equétion could be solved for the three~body sysﬁem. Then,
if the_resul£s agreed with the experimental data, there wduld be no neéd for
invoking the three—bod? force. But the agreement with experiment was only
approximate. The two-quy force was not known well enough to delimit the
tbree—body problem completely. The three-body system was sensitive to the
finer details of the force law. Theories for three—particle scattering and
reactions were not well developed at that time. Also,vthere was thg possi-
bility of relativistic corrections being more ‘important in the thrée~body case
than in the two-body case. " In early times many of these difficulties were

ignored by making simplifying assumptions regarding them.

The earliest theoretical attempts at solving the three-body prpblem were the
variational methods (Mi69). These early variational methods were insensitive
to the input potentials, which prevented a fair comparison of the fesults of
the simpliinng.assumptions with experiments. The main advantage of the.
variational approach was in the great freedom in choosing trial functions
which were not restricted to a 'no—pqlarization' approximation (Vé57), as were
tﬁe approximations worked out by various authors (Fe35) (Bu52).

BV

There were other varied and clevef aéproximations worked out for the three-~
body problem. These included the resonating group structure method (Wh37),
the Born approximation (Wu48), the high energy approximation (G159), impulse
approximations (Ca59) (Fe59) and several other variétional methods (Sas8).
There were aléo phenomenological potentials by Gammel and Thalér,(Ga57a)

(Ga57b) to represent the perturbation reaction which used direct reaction

i



theory in which context the Born approximation was used (Ko64).

As far as experiﬁent was concerned, already by 1935 attention was concentrated
qn simple scattering problems, which shqula have led to some knowledge of
nuélear force. However, the experimental results were not very accurate, and
severél different forces could be postulated to give the same experimental
results. Itvjust wasn't possible té compare the assumptions and approximations
of théory with the experimental results. These difficulties wére further
compounded 5y the fact that high speed computers weren't really available to
investigators until around 1960. The state of the art in nuclear physics was’

in sharp contrast with the accurate variational methods of atomic physics.

The modern period, dating from the work of Faddeev (Fa6la) (Fa6lb) (fa63) (Fa65)
and Amado (Am63) (Ra64) (RAa65) (RAa66) (Am66), began around 1961 (Du68) and was
concerned with the exact treétment of the three-particle  aspects of the three-
nucleon problem, which were made manageable only by the sacrifice of some
»fidelity in the two-body interactions. This emergence of accuréte three-body
techniques (ﬁi69) following on the new theory of Faddeev éeemed to have spurred
the variational investigatérs into greater activity,vwith the result that the
gap betwéen the 'variational' and the so-called 'exact' treatments was narrowed
down. &here exists a vast amount of literature on the 'exact; theory of the
three-nucleon problem, which has been the subject of extensive investigations
:for the last fifteen years, both from the point of view of the Schrodinger
equation (Mi62) (Mi63) (Sié3), as well as in terms of the Faddeev theory under
the separable approximation. These methods, which have been éxtensively
viewed in the literature, seem to give interesting results for n-d scattering

(Ra65), and the breakup reactions {(Ph66) (Aa66).

1.1 The nuclear force

At non-relativistic energies the nuclear force can be described by a potential

which may. be either theoretical in character, or purely phenomeno-logical, or



a mixture of both (Br67); Originally, phenomenological potentials were

used becaﬁse tﬁe informaﬁion fromAtwo—nucleon data was not sufficient tn de~-
termine potentialé. These were usually simplified forms of two-body poten-
tials,vcontaining a number of parameters which were fitted to the nuclear data.
A general form of such a potential could include central, tensor, and spin-

orbit terms.

The classical explanation of the nuclear force has been given by Yukawa (yu35)
in terms of the exchange of virtual pions. It has been found from experiment
that the nuclear force is strong, repulsive at short range, attractive at loﬂg
range, partly exchange.in charécter, has saturation properties, is spin, iso-

spin and momentum dependent, and approximately charge independent.

In that nuclear forces are-now attributed to meson exchange, it is clear that
the one-pion exchange potential (OPEP) is considered to play a fundamental role
in any reasonable parameteriéation of nucléon—nucleon scattering theory (Ma70a).
A proposal along these lines by Taketani, et al. (Ta5l) went further in associa-
ting a regiqn corrésponding to close separations with a two-pion exchange
poten;ial (TPEP), and still closer separations with many-pion exchange (MPE),
including the effects of heavy meson exchange (one-boson exchange, or OBE).

The spin-orbit interaction has been attributed to the heavier bosons (No63).

' There are some recognized difficulties with the two-body problem. The two-
body data do not determiné the potential uniquely, partly because even the
extensive data available are still limited in accuracy and range, and partly
becaduse of inherent ambiguities. Scattering data will determine a>potential
uniquely only if the potential is local and only if there are no bound states,
otherwise the scattéring data do not suffice. Only limited informaﬁion (Méc68)
about two-body forces is obtained from two-body scattering experiments. Many-
body experiments depend on the potential, not on the'two—body scattering info;—

mation off-the-energy-shell is needed.



In order to completely specify'the'N—N interaction, the matrix elements between
all possible pairs of inifial.and final 2N states, including those pairs that
do not conserve energy and momentum, need to be known. The matrix involved is
the transition, ér t-matrix. . Since energy and momentum are conserved in the
elastic scattering dase, such experiments yield information about the on-energy-
shell elements of the t-matrix. Not only is it possible that the off-shell
elements of £he t—matrix.may be important, itvis possible that the t-matrix
itself may be altered by the presence of other bodies (McC68). - Many-body
‘forces have not been.found to be negligible. There is no g priori reason to
'expect éll nuclear forges in nuclear matter (many-body forces) to be exactly
the same as two-body forces for the two-body experiments. Information about
the off-shell eiements can be obtained from such proéesses as the photodisinte-
gration of the deuteron and the emission of breﬁsstrahlung in nucleon-nucleon
interactions. These processes, which in themselves do not conserve enefgy, are

made to conserve energy overall, by the emission of a third particle (McK70).

There have been extensive studies performed on the three-particle .system which
have acquired particular prominance in the connection with tﬁe Faddeev equations
(Fa6la) (Fa6lb) (Fa65). These equations are formally based on earlier dis-
cussions of rearrangement collisions following the work of Ekstein (Ek56) and
Gerjouy (Ge58) and cémplement the work of Amado mentionéd above. If special
assumptions are made regarding the two—particle'interaction, the Faddeev equa¥
tions reduce to those of Amado. They also have a direct bearing on three-

particle correlations in nuclear matter (McK70).

The main advantage of the Faddeev formulation lies in the ability to include

a wide range of'two—body multichannel effects‘arising from polarizétions, re-
arrangements, et¢., within the three-body system, than would be possible with
an apprépriate two—body discription. Separable férms of the interaction

allowing explicit realization of the various substructures of a three-body



system have been used (Lo64), and provide a quick insight info the theoretical
structures expected of the three-body system. They can be made to confcrm
.closely with reality by suitably extending the rank of the input potential.
Separabie potentials can be used to realize the above effects explicitly and

give good agreement with experiment for a large number of observables.

The three-nucleon bound state can give information concerning the off-shell"’
behavior of the forcé, that is, about potential form. The.traditional approach
used the vafiational principle, but other mefhods including direct solution of
" the Faddeev equations are now at the level of the variational methods. By

far the most importént three—nucléonvobservable is the triton bihding energy
(De69) . Various groups have reported calculations for the bound state using
| either the hard-core Hamada-Johnston (De71) (Hu71) or the soft-core Reid (Ma70b)
(Tj70) (Ja71la) (He72) (Bh72) potentials, as stated by Amado (Am72). The most
recent values reported for the binding energy are 7.75%0.5 MeV for the Reid
potential (He72), and 6.5 - 6.7 MeV for the Hamada-Johnston potential (De7i)
- (Hu71). The experimental value is 8.48 MeV (Am72). Sources for binding
energy discrepancies are relativistic corrections, off-shell dependence, and

the three-~nucleon forces.

"The Coulomb energy of the three—nucieon system is the difference in binding of
l 34 and %He, the only other bound state; experimentally this value is 0.76 MeV.
Delves and Hennel (De71) have done a very careful variational calculation with
the Hamada-~Johnston potentials and got 0.6 MeV after adjusting for the experi-
mental triton binding energy (Am72). This discrepency has been around for
some time and its importance stressed as a possible indication of charge

symmetry (Ok71).

The three-body force is that force which depends on the simultaneous presence

of three nucleons, and is without analogy in classical physics. To date, there



is no clear-cut evidence of the importance of the three4bod§ force in nuclear
physics. It is suggested (Br69) that 2 MeV of the binding energy of nuclea;
matter may bevdﬁe to specifically many-body forces; however, knowledge of the
interaction potential between nucleons is such as to make it imbossible to

identify one particular effect as evidence for three-body forces in the three-

_ nucleon system (No68).

The problem of experimentally determining the three-nucleon scattering matrix
for n-d scattering is quite complicated. Noyes (No67) states that there are
648 non—zefo elastic scatteriné observables, and 2304 ipelastic ones, and
hence there are plenty’of experiments from which to choose. Experiments must
be picked jﬁdiciously so that they do not give the same combinations of
amplitude already determined by eérlier experiments, if progress is to be made.
of the large nqmber of possible experiments, so far only a few types of ob;er—
‘ vables have been measured: elastic and inelastic differential, and total cross
sections; polarization of either protons or neutrons; vector and some oflthe
tensor polarization coefficients of the deuteron; and one measurement of the
Wolfenstein parameters D{(depolarization) and R'(épin rotation) (Wo56). The
deyelopment of a comprehensive theory as discussed by bees in his review
article would help determine which amplitudes are the most dynamically signi-
ficant, and therefore worthy of investigation. This particular work is con-

cerned with the polarization in n~d scattering.



CHAPTER II

NUCLEON-DEUTERON SCATTERING

2.1 Charge symmetry and charge independence of nuclear forces

The hypothésis (Yu35) that the nuclear force is mediated by an exchange of
charged and'uncharged mesons between nucleons has provided much insight into
nuclear physics. The hypothesis itself implies that some symmetry charac-
teristics afe to be expected in the nature of the nucleon-nucleon interaction.
After allowance has been made for the Coulomb interaction in the case of the
p-p system, the nuclea;_force is expected to be charge symmetric, with the
n-n force identical_té the p-p force. The nuclear force is also expected ﬁo
be very nearly charge independent} the n-p force being essentially identical

to the p-p and n-n fbrces (Cebd).

These expectations are in fact vefified to a high degree by low energy nucléon
scatteiing and from properties of mirror nuclei, together with other indica-
tioné.of the force symmetries._ Wilkinson (Wi66) has drawn the conclusion that
charge symmetry holds to greater than ninety-nine per cent, and charge inde-
pendenqe to greater than ninety-eight per cent. Invoking the concept of iso-
spin, charge independence can be equéted to isospin invariance, which has also

been the subject of extensive research.

The three-body scattering préblem involving three nucleoﬁs, two bound and one
free, can also be used to further test the charge independence of nuclear forces
(McK70) . Thevsﬁape of the p-d polarization is well-known below 50 MeV, and
more data on the n-d polarization is being accumulated. Charge symmetry im—
plies that the results Qf p-d and n-d polarizatioﬁ should be nearly equal. It
is reported by Haeberli (Ha70) that there may be some possible differences in
the‘threé;body data. Differences in polarization are also found for the charge

symmetric scatterings of



n-T and p-°He (Se70). Further investigations of these reactions should be
profitable. Such investigations should, however, include a theoretical treat-

ment which properly accounts for Coulomb effects.

2.2 Neutron-deuteron scattering

The importance of nucleon-deuteron scattering lies in the fact that it is
experimentally the most easily studied three-particle continuum state (Ko63).
In his review article McKee (McK70) reports on the development of new methods
of handling three-body scattering reactions. These methods‘are both approxi-
.mate ones incorporating variational or other wave functions into known poten-
tials, and exact methods based on the expression of the three-body scattéring
in terms of coupled two-body amplitudes, after the manner of Faddeev. There
are many references for these calculations appearing in the literature, espe-
cially‘by Sloan (Slo68) (Si069a) (510695)(31071) (Slo72a) (Slo72b); other
contributors are (Am63) (Ko63) (K171) (Be72) (Br72) (Ca72) (Ja72) (Ko72)

(Fi73) (Br74c) and (S1la72). Phase shift analyses by Arvieux (Ar67), Van Oers
and Brockman (Va67a), Van Oers and Seagrave (Va67b), and Van Oers and Slaus
(Va67c), have already done something to interbret elastic scattering data over

a considerable energy range in terms of a consistent set of partial waves.

The deuéeron has spin one and isospin zero, and so n-p scattering is in the

T = 1/2 three-body channel only. There are two spin channels for the n-@d
scattering, the doublet (S = 1/2, T = 1/2) and the quartet (S = 3/2, T = 1/2).
It is found that the doublet n-d scattering length gets progressively improved
as the potentialris extended from the effectivg S-wave form successively to
include tensor and repulsive core effects (Mi63). In the presence of non~
central two-body forces coﬁpling spin and orbital angular momentum, transition
amplitudes are not diagonal in the L-S representationl At essentially all
energies, the dominant features of n-d scattering arise from the fact that the
deuteron‘is loosely bound, which leads to the rapid onset of high partial waves

in the’scattering.
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For n-d scattering at zero kinetic energy only § waves are important, and the
épin channels are uncoupled, giving two n-d scattering lengths, a; (S = 1/2)
and a, (S =‘3/2). In the doublet channel the S-wave force'is attractive, and
the scattering length is sensitive to the details of the interaction. 1In the
quartet channel the spins are parallel, and the particles are kept apart by the
Pauli principlé. In the quartet channel the S-wave force is repulsive, and

the scatterihg length is insensitive to the interaétion (Am69) . According to
Seagrave (Se70) the best values fér the two scattering lengths'aré:'

a, = 0.1520.05 fm, and a, = 6.13+0.04 fm.

Phillips (Ph68) points‘out that if the separable potential doublet scattering
lengtﬁ results are plotted against the triton binding energy, a straight line
results passiné through 0.8+0.2 fm at the experimental binding. The more
moderﬁ doublet scattering iehgth is cur?ently taken as 0.15 fm (Se70). A
recent calcglation of scattering length and binding energy (De6%) also seems
to give values lying on Phillips' straight line. It appears that the re-
lationship between the doublet scattering leﬁgth and triton binding energy
may be highly potential-dependent, and it may be prematufe to read any par-

ticular significance into these apparent discrepancies at this point in time.

In an early paper Christian and Gammel (Ch53) show that the first Born approxi-
mation in n-d scattering is due to nucleon exchange, which depends only on the
deuteron binding energy. They.perform a partial wave analysis leaving the
S—-wave free to be fitted, but all other waves are fit with the nucleon exchange
Bérn term, this showing that nucleon exchange is the dominant mechanism for
elastic scattéfing, and that this in turn depends only on the low energy n-p
parameters (Am68). This idea is later developed by Amado (Am63) uéing the
separable-potential approach. The n-d elastic differential cross sections as

a function of éenter—of—mass angle sﬁow that the quaftet term is the dominant

one. There is also a strong forward and backward peaking in these cross sec-
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tions. The backward peak can be represented by exchange scattering, and may

be regarded as a reflection of the forward peak (Se70).

The experimental and theoretical angular distributions for n-d scattering

have been reported by Seagrave and Cranberg (Se57) and by Aaron, Amado, and
Yam (Aa65), and ha?e later been reviewed by Amado (Amé69). It is found that
the theoretical angular distributions agree well with experiment, especially
when the effects of the tensor force are approximately taken into account.

It is further found that the ratio of the quartet to doublet spin state is
large, the doublet state not contributing much to the elastic scattering cross

section.

Deuteron breakup by protons or neutrons has been less thoroughly explored than
eléstic scattering since it is more difficult both experimentally and theore-
ticaliy. The various sefs of data (Ce64) (Ile3) on the breakup reaction are,
where comparable, in agreement with each other (De69). The general feétures
of the breakup are givenAat all energies, but the detailed fit is not so good
aé for the elastic scattering data, which may reflect the importance of the
more sensitivé doublet channel for the bfeakup reaction. The major feature
of the deuteron breakup reaction by neutrons is the strong final state inter-

action between the neutrons in the !S state (Am69).

The separable model calculations of Aaron and Amado (Aa66) and Phillips (Ph66)
can produce the gross features of the low-energy, three-nucleon system. 1In
doing so, they indicate that sophisticated three-body dynamics are essential
and that the details of the interaction are relatively unimportant. The break-
up reaction can also be regarded as a source of information on the neutron-
neutron scattering length} the effecfs of which show up clearly as a strong

final state enhancement in the reaction.



12

2.3 Polarization in neutron-deuteron scattering

Following Haeberli's review article (Ha70), the polarization which results in
the scattered beam when unpolarized neutrons are scattered at angle ejm in

the center-of-mass frame by unpolarized deuterons, is referred to as Pz(ejm).
In practice, rather than measuring the polarization of the scattered beam, a
poiarized incident beam is.used and Pz(ejm) is determined from the azimuthal
variation ofnthe cross séction, that ié to say, the analyzing power of the pro-
cess is measured. The sign of the polarization is defined by the Basel con-
vention (Bab6l). When spin-flip is forbidden as it is in elastic scattering,
tﬁe left-right aéymmetry, or analyzing power, is equivalent to the polarization.
A necessary condition to obtain polarization different-from zero is that or-
bital angular momenta greater than zero must contribute to the scattering,
otherwise there can be no spin-orbit term in the potential. It has been known

for a long time that this condition is satisfied in neutron-deuteron scatter-

ing even attlbw energies since neutron-deuteron scattering is anisotropic (Ch53).

Under the influence of a spin-orbit force, an unpolarized neutron beam becomes :
at least partially polarized upon scattering. This is essentially é quantum
~mechanical effect and is due to interference. This partially polarized neutron
beam, with spin 1/2, can be regarded as an incoherent mixture of two beams of
opposite polarizations, and the beam is in a mixed spin state. The value of

d

cm : v
P (6 ) can be taken as the expectation value of the component O of the Pauli
2 2 ‘

spin operator ¢ in the distinguished direction d (Ma70a).
N ,

The specification of the most general mixed state of the spin 1/2 system re-—
quires three parameters; two angles which serve to define the axis of quanti-
zation, and the ratio N+/N— of the numbers of neutrons in the spin-up and spin-
down orientations, respectively. Since the spin 1/2 system always possesses
cylindrical symmetry around the.diréction of polarization, the bolarized neutron

- ' : cn
beam can be thought of in terms of a mixture of two pure spin states. P (67)
S : 2 2
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is a vector quantity and is referred to as a vector polarizatioh. .In any
scattering process involving a suitable force coupling spin and space co-
6rdinates; there is polarization, its sign and magnitude depending on the
scattering angle.b Polarizétion data generally are expected to give signifi-
cant information ébout the shape and magnitude of the spin-orbit term in the
potential; the magnitude of the polarization is proportional in first order
to the strength of the spin-orbit £erm, énd as accurate data have beéome
available it has also been possible to learn something abéut the shape.of the

potential.

The recent advent of high-intensity polarized beams with a small enefgy spread
has made possible a number of experiments which could not be performed pre-
viouély. The usefulness of a.polarized‘séurce clearly depends upon the inten-
sit? ana polarization achiéved, and in éome reactions, polarization parameters
can now be measured almost as easily as cross sections. Several reviews of
such sources have been published (Ha67) (Da65). Polarized target-polarized
beam techniques give high precision to scattering experiments provided by

polarization techniques.

Polarization effects in nucleon-deuteron elastic scattering have been established
since a;ound 1966. ﬁaeberli (Ha70) haé constructed a contour map of some recent
p-d polarization data below 50 MeV. An interesting feature of the polarization
is that it becomes negative at backward angles in the vicinity of 19 MeV inci-
dent proton enefgy. This behaviour is now firmly established; the work of
Garreta, et al. (Ga68) and of Faivre, et al. (Fa69) confirm Johnston's (Jo68)
iesults at 22 MeV. - The position of the observed minimum in the asymmetry dis-
tribution is near 1100vin the centre-of-mass system, and a marked change in the
shape of the distribution is seen to occur between 10.0 and 19.0 MeV incident
proton energy. The Rutherford group have also published an interesting figure

showing the variation with energy of the center-of-mass crossover angle from
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positive to ﬁegative polarization. The data plotted all lie on a smooth curve

except one Berkeley point (Me68).

ItAis clear that the polarization exhibits much interesting structure: the
backyard‘peék which develops at very low energy and“gradually moves oﬁﬁwérdv
with angle as the energy increases, but which seems to saturate at about + 0.2,
the very deep negative'minimum which appears already below 20 MeV, and goes to
large negative values at higher energy, and the small forward positive peak
(No67). The impulse approximation gives no indicatiOn of this structure, even
when off-shell scattering corrections are included (Ko63). Hifner and de-
Shalit (HU65) have shown that this type of polarization structure can be
correlatéd with the differenfial cross section in a diffraction model, and
obtain a good fit to p-D pplarization dgté at 40 MeV using a single parameter,

but this hardly provides a dynamical explanation,

In comparison to the p-~d results, there is no corresponding wealth of n-d ex-
perimental work. In fact,‘above 22.7 MeV only two measurements exist, 23.7 MeV
(Wa63) and 35.0 MeV (Z2a73). The experiments theméelves are of course more -
difficult, and few complete angular distributions of the polarizations have been

obtaineg so far.

The existing datalare discussed by Haeberli (Ha70) who gives a diagram incor-
porating the best of the neutron polarization obtained to date, excluding the
very recent work of Morris, et al. (Mo74) and Zamudio-Cristi, et al. (Za73),
.and in comparison with the p-d work it is unremarkable. The point worth

noting is that the negative dip at backward angles in the n-d case of elastic
polarization at 22.7 MeV is apparently deeper for the neutron than it was for
the proton case. In view of the difficulty of the experiments it appears
possible that the»difference arises from experimental errofs. Accurate measure-
ments: of n-d elastic scattering and polarization at energies abové 20 MeV would

be valuable at this stage.
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Differences in polariéatibn have also been found between the charge symmetric
scatte#ings n-T and p—3He. In a recent article by Z;mudio—Cristi, et al.
(Za73)‘concerning a measurement of n-d polarization at the slightly higher
energy;of 35 MeV, it is further reported that for angles near the 120O center-
of-mass, corresponding té those near the minimum of the differential cross
section, the n-d values of polarization are considerably more negative than
those for p-a polarization. In addition, they are also more negative, as are

the p-d values, than current theoretical values. So it seems quite worthwhile

to investigate this problem further.

" Until recently very 1i£tle serious theoretical effort has been given to the
polarization (Si6%a) (Si69b). The exact solution of the three-body problem as
given by Faddeev is beyond the means of éresent day computational faciiitieé.
Some recent authors (Kr70a) (Kr70b) (Aa70b) (Aa72a) (Aa72b) (Pi72a) (Pi72b)
(Pi72c) have instead employed separable two-body interactions to approximate
the exact solution. Polarizations in n-d scattering are predicted by these
calculations (Pi72b). Other methods for predicting the polarizations have
also been investigated by Seyler»(Se69); Arvieux (Ar67) and Purrington and
Gammel (Pu68). According to Haeberli (Ha70) the latter work gives a realistic
prediction‘of polarization in nucleon-deuteron scattering at low energies. The
authors use the Born'approximation for n-d scattering in which thé tensor inter-
action and the deuteron D state are included. A five parameter fit using the
'*S3/2 and 281/2 eigenphases and the mixing parameters coupiing S- and D-states
were adquted empirically as was the deuteron D-state admixture. Numerical
calculations of the n-d cross section and polarization were made for 9.0 MeV
neutron energy. The agreement with measured experimental data for both elastic

scattering and polarization is quite satisfactory (Pu68).

Theoretical work is hindered, however, since accurate measurements for polari-

zations in neutron-deuteron scattering below 5 MeV are available over a large~
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angular range only at a few energies. Several early experiments for low
neutron energies gave slightly positive polarization, but with errors sufficiently
large to be consistent with zero polarization. Generaily speaking, n-d polari-
zation below 5 MeV can effectively be considered very sméll; only above 5 MeV
does it attain values exceeding a few per éent. . Data above 5 MeV are also
relatively sparse, however, due to the considerable technical difficulties
encountered in conventional neutron scattering experiments. No major experi-
mental contribution to the n-d polarization'problem haé been made since the
survey reported by Waltef and Kelsey (Wa63) who presented polarization angular
distributions at five energies, ranging from 1.9 to 23.7 MeV. Since that time,
of course, work in this energy range has continued, as witnessed by the very
recent efforts of Morris, et al. (Mo74) at 16.8 and 21.2 MeV, and the work of
Zamudio-Cristi, ef aZﬂ (za73) at the hidgher energy of 35 MeV. The experimental

situation will be treated in depth in Chap. III.

Noyes (No67) writes that the immedia£e theoretical needs for making efficiént

use of exiéting experiments and planning new experimental progfams in the three-
nuéleon problem are: a low energy theory comparable to the effective range
theory, an explicitly unitary parameterization of three-body reactions comparable
to two-particle phase-shifts and inelasticity parameters, a complete transcrip-
tion of the Faddeev two-particle subchannels into the three-particle invariant
amplitudes and the unitary three-particle parameterization, and a model—indépen—
dent high—J analysis for n-d scattering and breakup which exploits the loose
structure of the deuteron to provide the analog to the OPE calculation in the

two-nucleon system.

2.4 Motivation
As has been indicated above, there is a strong motivation for studying the
polarization in n-d scattering. There are a number of applications for which

measurements of the polarization of scattered neutrons give information not
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readily available by other methods. The fact that the polarization depends
on the interference of partial waves has the effect that the polarizaticn is
strongly affected by the presence of partial waves which undergo only small
phase shifts. Measurements of the polarization, therefore, help in discovering
the effect of phase shifts which are too small to be noticeable in the angular

. distribution. The polarization helps in restricting the possibilities to a
small number} and in indicating qualitatively the absence or presence of phasev
shifts. The set of phase parameters which occur are determined by the experi-

mental data.

Various poteﬁtial models have been proposed to predict the n-d scattering data,
along with determining some of the properties of nuclear forées.. In genefal,
the scattered neutrons will be polariZedAif spin-orbit interactions are present;
the observation of polarization will,:therefore, indicate the presence of such
interactions. However, the interaction has a sufficiently complicated spin
‘structure that it has not yet been possible to determine the scattering maﬁrix
from the experimental data. The eventual‘success of a potential model lies in

reproducing the experimentally determined phase parameters.

Availab%e n~d data are sparse. The only published measurements in the energy
fegion of interest are Taylor, et al. (Ta70) at 7.8 MeV, Malanify, et al. (Ma66)
at 22.7 Mev, Walter and Kelsey (Wa63) at 16.4 and 23.7 MeV, and most recently
Morris, et al. (Mo74) at 16.8 and 21.1 Mev, Brining, et al. (Br7la) at 7.9 MeV
(in graphical form); there is aléo a récent measurement by Zamudio-Cristi,

et al. (Za73) at the slightly higher energy of 35 MeV.

Although charge symmetry implies that the p-d and n-d polarization results

should be nearly equal, a comparison of the 22.7 MeV results of Malanify, et al.
(Ma66) with the p-d results of Faivre, et al. (Fa69) revealsbpossible differenceé
at angles near the negative minimum. These differences have been noted in the

review articles by Haeberli (Ha70) and by McKee (McK70). The more recent
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results of Zamudio-Cristi, et al. (2a73) indicate a similar difference at
35 Mev. A comparison on n-T and p—3He scattering at 22 MeV made by Seagrave,

et al. (Se70) has revealed significant differences in the polarization.

Recent theoretical progress'iﬁ describing NQd scattering has been reported

by Pieper (Pi72a) (Pi72b) aﬁd by Doleschall (Do73).. Using separable two-
particle interactions both are able to reproduce the qualitative features of
the polarization below 50 MeV. Pieper has even obtained a degree of quanti-

tative agreement at energies less than 20 MeV.

The present work is motivated by the disagreement of p-d and n-d results at
22.7 MeV; by the lack of sufficient accurate data between 8 and 22 MeV; and

by the recent success of theoretical calculations in this energy range.
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CHAPTER IIT

PREVIOUS MEASUREMENTS AND THEORETICAL CALCULATIONS

3.1 Previous measurements

A nunber of measurements have been reported for the polarization of neutrons
‘produced in scattering from déuterons. Compared to the case of p-d polari-
zation, theée measurements have been few in number due to the inherently

greater téchnical difficulties encountered in neutron scattering experiments.

The results for most of these experiments have been summarized by Haeberli (Ha70).
Since that time onlj a-few new measurements regarding n-d polarization at

_ Erl < 40 MeV'have been reported, namely, the work of Zamudio-Cristi, et al.

(za72) (Za73) at 35 MeV, and Morris, et al. (Mo74) at 16.8 and 21.1 MeV.

The data for 35 MeV have béen included here since they are relevant to this

work. Table 3.1 is a summary of the available n-4d polarization data near 8,

16 and 22 MeV, the region of interest for this work.

Perhaps the first attempt at comparing p-d polarization data with the charge
symmetric n-d polarization was made by Bar#chall (Bab6) using the results of
Conzett, et al. (Co64a) for pfd polarization, and those of Walter and Kelsey
(Wa63) for the n~d polarization. However, since that time} more accurate
data have become available due to improved experimental techniques. In his
review article of 1970, McKee (McK70) has made the observation that the only
point worth noting in the n-d polarization is the suggestion that the dip to
negative values for backward angles at 22.7 MeV may be greater for n-d polari-
zation than for p-d polarization. .The recent n-d polarization data of

- Zamudio-Cristi, et al. (Za73) compared with the p-d data of Bunker, et al.
(Bu68), both atv35 MeV, seems to confirm McKee's observation for the 22.7 MeV

case.

The experimental results of Zamudio-Cristi, et al. (Za73) are shown in Fig.»3;1a.

The asymmetry measurements were taken from 44.5° c.m. to 160° c.m. neutron angle.
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/ v o ‘ TABLE 3.1

POLARIZATION IN n-d SCATTERING FROM 7.8 to 23.7 MeV

Ref. Ta70 Br71a Wab63 Mo74 Mo74 Mabé Wab3

Binc(Mev)|  2.55 - -- 6.0 4.62 5.00 6.61 7.1
8, (lab) 45 N 90 - 80 .30 30 30
Py (07)% | 53.9%1.2 PR -50 5046 3542 46 60
En(MéV) 7.8 7.89  16.4 16.8 21.1 22.7  23.7
Reaction | ®Be(a,n)  “Be(a,n) T(d,n) T(d,n) T(d,n) T(d,n) T(d,n)
| . |
8, (CM) | P)(0,)%.
1 s 0.3%0.9 BEREI 5.82.1
59 3.7¢1.2  3.8%0.9 ' 2.7%2.5
66 ‘ - 0.6%1.2
73 5.0t1.4  5.0%1.2 | ~0.6%2.6
86 - | 7.2¢1.4  3.3%1.8 0.9%1.1  =-2.4%1.4 -8.4%1.9
a8 10.0%1.4 5.6%1.2 0.8%1.4 -5.71.5
110 12.0%2.0 12.9%1.5 2.4%¥2.0  -6.6%2.1 =-18.1%3.0 -12%5
120 12.5%#1.7  15.3%1.5 -8.6%7.2 - 74
130 9.9%1.8 13.7+1.5 15%4  20.9%3.0 12.545.2  5¢3
138 6.7t1.3  11.1%#1.5 14%5 21.5%3.2  17.2+4.2 11%4
146 5.6t1.0  6.0%0.9  9%4 8.01.8  11.8t2.3  20.1*2.7  7%4
153 3.3t1.,2  2.5%0.6 9.542.8
159 2.5%1.1  1.2%¢1.2 7.6%2.7
165 2.2¢1.1 -
1
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The results display qualitatively the same structure as the p-d polarization
data of Bunker, et al. (Bu68) at the same energy, but the n-d data a£e more
negative -for angles corresponding to those near the minimum of the differen-
tial cross section. B&th sets of data are more negative than the theoretical
vaiue for 35 MeV (solid curve in Fig. 3.la). The data are shown together with av_
theofetical curve interpolated from the calculations of Pieper (Pi72b), who
gave theoretical curves at 2.0, 5.5, 10.0, 14.1, 22.7, 40.0 and 77.0 MeV.

Using these values, it was possible to obtain inté?polated theoretical curves
at 35.0, 21.6, 16.4, and 7.9 MeV by using avcomputer;ffd sline-interpolation
procedure. The 35 MeV neutron beam.hadvéfpolériéétiéﬁ%éf Py;(6;) = 0.31 # 0.03,
with an uncertainty of‘approximéﬁely iO per éeﬁ£; ana>ﬁas produced by the
2H(d,n) 3He reaétion at 24.0O (iab.). A spin rotation magnet was used for
rotating fhe neutron beam through an anéle of 180o so that the asymmetries

were measured by a stationéry detector.' The authors report that the back-

grounds and errors have been suitably accounted for, and conclude that the

difference between the p-d and n-d results appear to be real.

A direct comparison has also been made between the p-d and n~d polarizationa

at 22.7 MeV. laboratory energy. Garreta, et al. (Ga68) compared-their p-d
polarization measurements with the n~d polarizatién measurements of Malanify,
et al. iMa66). Here, too, the n-d data wént to more negative values at the
minimum near 1159 c.m. for backward scattering. To this.data can be added the
p-d measurements taken b? Faivre, et al. (Fa69). These results, all at 22.7
MeV, are displayed in Fig. 3.1b. The sélid curve in the figure is the theore-
tical curve at 22.7 MeV in Pieper (Pi72b). Similarly, as in the 35 MeV case,

the differences appear to be real.
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Solid curve for 22.7 MeV is the calculation given by Pieper (Pi72b).



23

In addition to'fhe 22.7 MeV neutron-deuteron data of Malanify; et al. (Ma66)
mentioned above; the only other two measurements taken near this energy are
the very early measurements pf-Walter and Kelsey (Waé63) at Wisconsin, and the
mofe recent measurements at 21.1 MeV by Morris, et al. (Mo74) at Virginia.
All Ehree experiments used the T(d,n) reaction as the source of polarized
neutrons, and all had a 9; (lab) of 30°. In addition, they all employed

the method of rotating the neutron beam polarizatic.m‘i90o so as to be either
parallel or antiparallel to the normal to the n-d scattering plane, the;eby

cancelling 'false' instrumental uncertainties.

The Walter and Kelsey (Wab3) data at 23.7 MeV were obtained by using 7.1 MeV
deuterons from a tandem electrostatic ac;elerator incident on a gaseous
-tritium target. The emitted neutrons were taken to be 60 per cent polarized
(as from the mirror reactioﬁ 3H(d,p)L*He). The stationary deuteron

scatterer was deuterium-enriched tolueﬁe (98% enrichment). The data were
corrected for bofh multiple scattering and accidental coincidences, but no
corrections were made for deuteron breakup background. It was estimatéd that

such a correction would be of the order of 20 per cent.

For the_ Malanify, et al. (Ma66) measurements at 22.7 MeV, a 6.61 MeV deuteron
beam impinging on a gaseous tritium target produced'a neutron beam polariza-
tion of 46 per cent. A deuterium-enriched liquid scintillator, gross formula
CD and atomic ratio H/D = 0.02, was used as a stationary scatterér. Because
the experimental results were corrected for proton dilution, and bedause of
the improved electronics, Malanify, et al. (Ma66) regard their datavasvthe

more reliable at this energy.

The most recent measurement of n-4a polarization near 22 MeV was made by Morris,
et al. (Mo74) at 21.1 MeV, using 5.0 MeV deuterons from a 5.5 MV Van de
Graaff accelerator and a tritium-filled tafget. The 'esultiné neutron beam

had a polarization of 35 per cent. The scatterer was a liquid scintillator
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consisting of deuterated NE213‘with D:H ratio 108:1, Backgrounds measured
by a two parametef backgrouhd analysis ranged as large as 30 per cent of

the total number of counts under the peak for scattering angles near the
minimum in the cross section. Corrections to the asymmetries due to this
background Qere aésigned an uncertainty of 20 per cent. The resulting
polarization measurements are similar to those of Malanify, et al. (Ma66)
except thét there is a noticable difference in the depth of the negative dip
near the cross section minimum. In fact, Morris, et al. (Mo74) conclude

that there is no evidence of violation of charge symmetry.

All available N-d polarizatibn,measurements near 22 MeV are summarized in

Fig. 3.2. In order to make a comparison with the charge symmetric case,

the p;d polarization data have been included. These data have been taken
from the work of Faivre, et al. (Fa69), Megaw, et al. (Me68), Conzett, et al.
(C064a), and Garreta, et al. (Ga68). The general structure of the polariza-
tion exhibits a small forward positive peak, crosses over_to negative values
between 70o c.m. and 90o c.m., reaches a maximum negative value near 110O c.m.,
goes positive again between 115o c.m, and 125o c.m., and attains a saturation

maximum near 0.20 for the backward peak.

If is.of interest here to note the behaviour of the polarization as a

function of energy. An early attempt to do so was that of Noyes (No67).

In Fig. 3.3 the n-d polarization for energies near 8, 16, 22 and 35 MeV

have been plotted as a function of center-of-mass angle, the curves having

been fit with a draftsman's spline. . Several observations can be made regarding
-the data: first, the negative minimum appears at approximately 18 MeV and

then it moves backwards wifh a monotonically increasing magnitude; second, the
minima for the energies greater than:20 MeV-all appear to lie on a single
straight line (labelled I-J in Fig. 3.3) at an angle of approximately 10° with

respect t6 the polarization axis; third, it is seen that the angle at which
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N-d polarization data plotted against c.m. angle 6 for incident

nucleon energy near 22 MeV. _
n-d; B - 22.7 MeV (Ma66), @ - 21.1 MeV (Mo74), A - 23.7 MeV (Wab3):

p-d; % - 20.1 MeV (Fa69), O - 21.6 MeV (Me68), + - 22 MeV (Co64a),
* - 22.7 MeV (Fab69), O - 22.7 Mev (Ga68).
Solid curve.for 22.7 MeV is the calculation given by Pieper (Pi72b).



26

./40
20
0
Z
=
=
~N
g
g
-20
-40
1
\
\J
!
-60g ' a0 80 ' 120 160 200
C.H. ANGLE (DEG!
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The curves have been fitted with a draftsman's spline.
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the polarization goes from negative to positive increases as the energy
increaées; and fourth, the backward maximum tends to move to largef angles
as the energy increases, reaching a saturation value near 0.20. To this
list o% characteristics should be added the observation of Megaw, et al.
(Me68) that the cross-over point from positive to negative polarization

appears to be a monotonically decreasing function of energy apart from the

result of Conzett, et al. (Co64a) at 22 MeV.

The p-d polarization measurements in‘the same energy range between 8 and

35 MeV are displayed_in Fig. 3.4. The features of the curves agree quali-
tatively witﬁ those for the n-d polarization. The positive backward peak
again tends to méve towards larger angles with an increase in energy, as do
the cross-over points for the polarizatién changing from negative to éositive,
and also from positive to negative. It is interesting to note that the
negative maxima for the p-d plarization also appear to lie oﬁ the same

straight line at 10° to the polarization axis (labelled I-J) in Fig. 3.4).

Megaw, et al. (Me68) have published a figure showing. that the cross-over
angle from positive to negative polarization appears‘to be a monotonically
decreasing function of energy, with the exception of one point (Co64a).
Their‘results are reproduced in Fig. 3.5a. All the data for this figure
have been taken from p-d polarization results where there exist more measure—
ments at forward angles ' (McKe7), (Me68) , (Cob4da), (Job66), (Bue8), (Cob4b),
(Gieo) . From Figs. 3.3 and 3.4 it can be seeﬁ that a similar treatment of
the n-d resﬁlts is not possible in the absence of forward angle measurements.
However, for both the n-d and p-d measurements, the polarization becomes a
rapidly varying function with respect to c.m. angle in going from negative to
positive polarization beyond 120O c.m. This rapid change enables the cross-
over angle from negative to positive polarization to be determined more
accuf;tely tﬁan the forward positive to negative polarization cross-over angie,

where the polarization function is a more-‘slowly varying function of c.m. angle.
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Fig. 3.4 = Proton-deuteron polarization for energies near 8, 16, 22, 35 Mev

pblotted against c.m. angle 6.

A - 8.0 MeV (Gré6); O - 8.0 MeV (C67); O - 17.5 MeV (Fa69);
X = 20.1 MeV (Fa69); A - 21.6 MeV (Me68); + - 22 Mev (Co64a) ;
O - 22.7 MeV (Fa69); * - 35.0 MeV (Bu68) .

The curves have been fitted with a draftsman's spline.
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Fig. 3.5a Variation with energy of c.m. cross-over angle from positive
to negative polarization in p—d scattering. '
A- 19.1 MeV (McK67); ® - 21.6 MeV (Me68); O - 22 MeV (Cobda);
H - 29 Mev (Jo65); V - 35 MeV (Bub68); 0O - 40 MeV (Co64b);
: A - 50 MeV (Gi66) (from Me68). -
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- Fig. 3.5b Variation with energy of c.m. cross-over angle from negative

to positive polarization in both p-d and n-d scattering.

"® - neutrons; 21.1 MeV (Mo74); 22.7 MeV (Ma66), 23.7 MeV (Wa63),

O - protons;

35 MeV (Za73); )

20.15 Mev (Fa69), 21.6 MeV (Me68), 22 MeV (Co64a)
22.7 MeV (Fab69) (Ga68), 29 MeV (Jo6Z , 35 MeV (Bub8),
40 MeV (CoB4b), 50 MeV (Jo66).
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Thé results_cf the negative to poéitive cross-over aﬁgle determination are
displayed in Fig. 3.5b. They‘show that this angle is a monotonically
increasing function of energy within the energy range 20 to 50 MeV. The

n-d resuits are indicated by the solid circles and the p-d results by the -
empty Squares. Where error bars have been indicated they were meant to
representvtﬁe error inherent in the angular resolution of the detecting‘devicé,
ana the estimated error in determining the exact cross-over point of the
polarization. The data are from references (Mo74), (Ma66), (Wa63), (2a73),

(Fa69), (Me68), (Cobda}, (Ga68), (Jo65), (Bué8), (Co64b), and (Job6).

All n-d data appear to fall on the same curve, within the indicated error
bars. - For practical purposes then, the cross-over angles VS energy repro-
duces for n-d polarization, the zero-polarization contour on Haeberli's p-d
contour map (Ha70) from approximately 100° c.m. to 130O c.m. for En(MeV)

from 30 to 50 MeV.

There have been only two measurements near 16 MeV for n-d polarization, that
.of'Walter and Kelsey (Wa63) at 16.4 MeV, and that of Morris, et al. (Mo74) at
16.8 Mev. The 16.4 MeV measurements of Walter and Kelsey (Wa63) were obtained
by using a 6.0 MeV deuteron beam and the T(d,n) reaction.. The neutrons were
(-)50 per cent polarized at a 90° 1ab angle. The quoted uncertainties in the
'Pz(eé) polarization valueg do not include those arising from the uncertainties
in the neutron beam polarization. At the same time the measurements Were‘made,
- information on the extent to which the assumption that nucleon polarizations
produced in mirror reactions, as was used here, are neafly identical was not
available, so the uncertainty in Py (€;) was simply unknown. A change in the
magnitude of P1(61)Vfor both the 16.4 MeV and the 23.7 MeV measurements of
thesé authors would affect the calculated polarizations by a constant multi-

plicative factor at all. angles. The same detector system was used for



16.4 MeV as had been used for 23.7 MeV. Measurements at only three c.m.

"angles were taken, all being in the positive backward peak.

For the Morris, et al. (Mo74) measurements at 16.8 MeV, polarized neutrons-

at 80o (lab) were produced with the T(d,n) reactioﬁ uéing 4,62 MeV deuterons
from a Van de Graaff accelerator. The neutron beam was (50%+60) per cent
polarized for the experiment. The sign of the source polarization was alter-—
‘nately changed by means of a superconducting magnet in order to cancel any
'false' asymmetries between the fwo side detectors. The scatterer was an
NEZ213 scintillator and neutron-y-ray discrimination was used to diminish
y-ray effects in this detector. The data were corrected for breakup reaction,

multiple scattering, and accidental coincidences. Measurements were taken

" over the range 45o c.m. to 146o c.m.

In Fié. 3.6 a comparison is made between the 16 MeV-n—d-polarization data,

V and the closest charge—symﬁetric p—-d data taken at 17.5 MeV by‘Faivre et al.
(Fa69). The agreement is good between the n-d measurements at 16.8 MeV and
the p-d measurements at 17.5 MeV; the n-d measurements at 16.4 MeV lie low
compared to the p-d results for reasons mentioned above. The qualitative
features of the polarization.are similar to those for 22 MeVv. There is a
small positive forward peak, and a positivé backward peak reaching a satura-
tion value near 0.20. There is a tendency for the polariéation to approach
.a minimum near 1OOo c.m. ; this minimum goes negative for energies over 20 MeV.
The theoretical curve is interpolated from Piepers results (Pi72b). It is

" clear that more n-d polarization measurements are needed at this energy.

The only two measurements which exist for n-d polarization near 7.9 MeV are
those of Taylor, et al. (Ta70) and Briining, et ql. (Br71a). For the former

experiment at 7.8 MeV the 9Be(a,n) reaction was used as the neutron source,
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Nucleon-deuteron polarization near 16 MeV plottea against

c.m. angle 6.

n-d; A -16.4 MevV (Wa63), ® ~ 16.8 MevV (Mo74);

p-d; ¥ -17.5 MeV (Fa69).

The solid curve at 16.4 MeV is interpolated from Pieper's results (Pi72b).
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having ﬁ polarization of 53.9 per cent at a reaction angle of 45° (lab) and
a mean/u—energy of 2.55 MeV. A deuterated liquid scintillator was used as
analyéer and the asymmetries were measured over the angular range of 58o c.m.,
to 164p.c.m. The neutron spins were precessed through 90O clockwise and
countefclockwise with a solenoid allowing the roles of two side detectors to
be interchanged. Deuteron breakup contributions were negligible at this
energy, and the asymmetries were corrected for unbolarized.backgroundé. A
Monte Carlo scattering program was employed to correct for-finite geometry
effects and to show that the multiple scattering effects were negligible.

The quoted uncertainties in P,(6,) contain estimates for all known uncertainties

including statistical error.

Briining, et al. (Br7la) also employed the 9Be(a,n) reaction as neutron

source at 7.89 MeV. This work post-dates that of Arvieux (Ar67). The
"detector was deuterated benzene. The polarization values obtained have not
been tabulated'as such, but have been presented in graphical form. In. order
to get the numericai results, the graph was enlarged and values were read.from
this enlargement. These .values are éresented in Table 3.1 above. It is
possible that a small inaccuracy hés been introduced into the data using this

procedure.

In Fig..3.7 the n~-d results near 7.9 MeV are compéred with the p-d measure-
ments at 8.0 of Clegg and Haeberli (C167) and Griiebler, et gl. (Gr66). The
solid curve at 7.9 MeV is interpolated from ?ieper's results (Pi72b). There
is a simpler angular dependence in the resﬁlts with the backward éeak occurring
at a smaller c.m. angle than is the case for higher energies. It does not
reach the saturation estimate of 0.20 polarization for this energy, nor does it
‘display a minimum value near 100O - 1100,c.m. The measured polarization for
n-d scattering agrees well with the charge-symmetric p-d results at 8 MeV and
seems to indicate that for this energy the charge effects would probably be

small. Here again, more n-d measurements are required.
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Nucleon-deuteron polarization near 8 MevV plotted against c.m. angle 9.

n-d; @ - 7.8 Mev (Ta70), A - 7.9 MeV (Bxr71la);
p-4; QO - 8.0 MeV (Cc167), * - 8.0 MeV (Gr66).

The solid curve at 7.9 MeV is interpolated from Pieper's results (Pi72b).
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There have beeﬁ n-d polarizatioﬁ measurements made below 8 MeV. A summary

of the work is found in the folléwing references: (E162) at 0.5, 1.0, 1.95 MevV;
(Fe62) at 0.5, 1.0 MeV; (Be63a) at 1.0, 1.15 MeV; (Be63b) at 1.0 MeV;

(Da60) at 1.0, 2.0 MeV; (Sm70) at 1.2 MeV; (Wa63) at 1.9, 6.0 MeV;

(Cxr59) at 2.1 MeV; (Wh58)'at 2.26, 3.1 Mev; (Bu59) at 2.3, 3.1, 3.9 MeV;
(Ja71b) at 2.6 MeV; and (Sc65) at 3.83, 4.57 MeV. The polarization data
reported in these references support the qualitative descirption that the
energy dependence of the polarization is consistent with zero below 5 MeV

for all angles, although some early references indicated significant positive

results. This energy range is outside the region of interest for this work.

3.2 Theoretical calculations.

The first theoretical calculations capable of reproducing the main qualitative
features of polarization, with respect to both the angular and the energy
dependence, were performed by Krauss and Kowalski (Kr70a), (Kr70b). The reasons
for doing these calculations were that the polarizations were experimentally
determined, and so the theoretical results could be directly compared and,
theoretically, the behaviour of P, (09) was thought to place significant con-
straints on fhe structure of the scattering matrix itself. Both phenomeno-
logical considerations of P;(8,) at energies up to 40 MeV have been reasonably
successful and have indicated the possibility of relatively simple processes
being responsible for the observed behavior of.the polarization (Hu65), (Pu68).
The primary reason for the lack‘of theoretical.calculations prior to this work
has been the prohibitive number of coupled integfal equations which appear

when introducing the necessary noncentral, tensor forces.

Three approximate methods have been proposed in order to exploit simplicities
arising from the weak binding of the déuteron, the . viabilities of which did

not depeﬁd on special models of the two-particle interaction. All three of .
these procedures have tﬁe common feature of being unitarization techniques

via the optical model, K—métrix, and N/D formalisms.
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Krauss and Kowaiski's investigafion consisted of using Sloan's K-matrix
method (Slo67) (Slo68) for éalculating P, (85), and the elastic differential
cross sections in the energy range of 11-40 MeV. As seen in Sec. 3.1 above,
the experimental exploration of this region shows that P, (65) undergoes a
éronopnced variation between the extremes of this energy interval and there-
fore should provide an excellent test for computing P;(83). Also, the
incident neutron energies are just large enough compared to the déuteron
binding energy for approximations to three-particle dynamics to be justified,
yet small enough to permit the incorporation of only the smallest émount of
the two-particle interaction necessary for the introduction of tensor forces.
The simplest, separable Yamaguchi forms (Ya54) for the S-wave singlet (1s)
and the S- and D-wave triplet (BS + 3D) nucleon-nucleon partial wave states
were used for the calculat;ons, the latper giving 7% D-state mixture for the

deuteron bound state (McK70) (No68).

As a first effort this predicted polarization frbmv11-40 MeV was in reasonably
fair qualitative agreement with the p-d experimental results of Faivre, et al.
(Fa695 from 11-23 MeV, and with the results‘of Bunker, et al. (Bu68) and:
Conzett, et al. (Co64b) at 40 Mev. That is to say, the evolution of the
negative dip with the increase in energy was predicted, although it remained
too small in magnitude. The prediction for the small forward peak was fair,
but for the positive backward peak was too low, presumably because it was
correlated with the over-estimates of thg large angle minimum in the cross
sections of these authors. Their principal conclusion was that Sloan's
K-matrix technique is a usable method for doing calculations on the N-d

problem although they are complicated by the tensor forces.

'Following this work, Aarons and Sloan (Aa72a) had calculated nucleon-deuteron
polarizations in the range 11-23 MeV using the same unitary first order approxi-
mation, and exactly the same interactions and parameters of Krauss and Kowalski.

The polarizations obtained at 11, 17.5 and 22.7 MeV were compared both to the
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theoretical results of Krauss and Kowalski (Kr 70a) (Kr70b) and the
i .

experiméntal results of Faivre, et al. (Fag9).

g
These ¥esul£s of Aarons and Sloan (As72a), despite the faqt that these
author; used exactly the same techniques as thé first authors, are entirely
different, and disagree entirely with the measured experimental results.
This disagreement also is reflected in the cross section calculations per—
formed by'Aa¥ons and Sloan (Aa?Zéf. The main objection to the Krauss and
‘Kowalski computations was the cutting off of the partial wave expansion at

too low a value in the total angular momentum J (Pi72a). This however,

could not account for the nonreproducibility of results.

In another set of papers Aarons and Sloan (Aa72b) (Slo72c) have attempted to
calculate polarizations over an energy ;énge.of 3-23 MeVv. In the first paper
exact calculations were performed using a non-~central, spin-dependent, separ-
able two-body interaction force having two separable terms. It was found
that‘the model did not explain vector polarization since the results were very
small compared to the measured results, plus of the wrong shape. In the
second paper calculations were performea for the separable (1s) and (3s + 3p)
potentials; first, using the Yamaguchi form factor as in the first paper,

and second, taking into account the short range N-N interaction term. It

was again found that-chénging the form factors and per cent D-state contribution
had little effect on the polarizations. As before, the model did not predict

the vector polarizations.

Pieber and kowalski (Pi72a) recalculated the N-d polarizations and cross
sections in the first order unitary model at 14.1, 22.7 and 40 MeV using a
number of more realistic N-N input. Even then it was concluded fhat the
Sloan approximation could not predict the ﬁ—d polarizations, since there
occurred a strong dependence on the inclusion of P-wave N-N interaction poten-

tials. The conclusions drawn by these authors were two:
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first, the Sloan approximation isn't capable of predicting N-d polarizations
at lowfbnergies, and second, any attempt to explain pblarization in N-4
scattering at low energies either by 'exact' or approximate three-body calcu-
lations, must include P-wave, two-nucleon amplitudes. In this regard, the

P-wave component actually appears to be more significant than the tensor

component of the S = J = 1 two-nucleon interaction.

N

A.two-pbtential formula based on the Alt, Grassberger and Sandhas equations
(A167) for three-body scaftering was proposed by Pieper (Pi72b). In this
‘technique the S-wave part of the N-N interaction was treated exactly and

the P- and D-wave contfibutions were treated in first order. The energies
for the calculations were from 2.0 to 77.0 MeV. The computed vector
polarizations agreed well with the experimental results up to 14 MeV but
above this value discrepancies appeared; becoming more severe with fhe higher
.energies. At 22.7 and 46 MeV the general features of the polarizations are
still well-produced, except that the negative dip is too small in magnitude,
while the positive backward peak is much larger than the saturation value of
0.2 expected from the experiment. At much higher energies the method bhecomes
guestionable since even the forward diffraction peak is not correctly pre-

dicted.

The bieakdoWn in this method at the higher energies is attributable to
several factors. At these energies first order perturbation theory may no
longer be adequate, and it is precisely this perturbation that gives rise to
the polarization. The potentials employed may not adequately represen£ the
two-nucleon interaction at higher energies. There was no D-state in the

deuteron.

Much work has been done on the polarization effects in N-d scattering by
Doleschall (Do72a), (Do72b), (Do72c), (Do73), (Do74). From the work of
others it became clear that both the P-wave term and tensor force had to be

included for an adequate reproduction of the experimentally determined
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polarizations. - In his recent investigations Doleschall (Do74) éonstructed
a diffe%ent set of P—Qave interactions and rank-2 tensor forces for per-
forming calculations at 22.7 MeV.neutron laboratory energy. Thevconclusions
reached in the case of separable N-N T-matrices were that the three-nucleon
scattering states do not depend significantly on the high energy on-shell

N-N T-matrix, and that the polarizations were rather sensitive to the tensor

force because of its low energy behavior.

To date no specific attempt has been made to calculate polarizations near
16 Mev. The closest theoretical values were the early ones of Krauss and
Kowalski {(Kr70b) and Aarons and Sloan {Aa72a) at 17.5 MeV which were compared

to the experimental work of Faivre, et al. (Fa69).

Deductions regarding the polarization of nuéleons below the breakup threshold
were initiélly performed by Arvieux (Aré?) at 7.85 MeV and also at other
energies. The scattering matrix for the N-d scattering was parameterized

in terms of phase~-shifts. The results were then applied to a phase-shift
analysis of p-d scattering, including the polarizations. However, there
occurred an error in the sign of the even—ordereé observables so the results
were invalid. Thé calculations were redone using the same formalism és
Arvieux by Briining, et al. (Br7la) for 7.89 Mev. The fitting procedure was

such that the splitting of the quartet-P and D phases was obtained.

The only other calculation performed in this energy neighborhood is that of
Purrington and Gammel (Pu68) at 9 Mev. The calculaﬁions involved a five
parameter fit using the (“S3/2) andv(2s1/2) eigenvalues. The mixing péra—
meters coupling the S- énd D-states were adjusted empirically as was the |
deuteron D-state admixture. The calculated polarizations of Purrington and
Gammel (Pu68) at 9.0 MeV (solid cﬁrve) and of Brining, et al. (Br71a) ét

7.89 MevV (dashed curve) are shown in Fig. 3.8. The experimental data with
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which they are compared are the same as in Fig. 3.7. It can be seen that

both the curves are reasonably good fits although the. Purrington and Gammel

curve at 9.0 MeV lies lower than the Brining, et ql. (Br71a) curve at 7.89 MeV.

3.3 Other evidence of violation of charge symmetry

Differences in the polarizations betﬁéen the charge symmetric écatterings

n;T and p—3He have also been found (Ha70), (Se70), (Wa69). In his review

of the three- and four-~nucleon system McKeé (McK?O) has indicated that the
significant feature of these particular charge symmetric scatterings is that
the neutron polarizatiaons are greater in magnitude than the cgrresponding
proton polarizations at all angles except for the cross-over point of 112° c.m.

where both are zero.

Finally, it has recently been reported £Ze74).that for kinematically com-

plete experiments on the reaction 2H(n,2n)1_H neutron-neutron and neutron-proton
final state interactions are obéerved. The experiments were analyzed with
three-body calcﬁlations using different form factors for the nucleon-nucleon
interactions. The analysis with a complete charge-dependent calculation

using exponential form factbrs gave a_ = (-)16.3+1.0 £f.m. for the (180)
neutron-neutron scattering length. The difference of this wvalue to the

neutron-proton length is reported to be about seven standard deviations.

3.4 Summary

It has been.demonstrated that the n-d polérization measurements which
already exist do not clarify the situation regarding breaking with charge
independence. There is some evidence that fhere may be some breaking to

a small degree; namely, the n-d polarization measurements'of Zamudio;Cristi,

et al. (za73) at 35 MeV as indicated in Fig. 3.la, and the n-d polarization
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Nucleon-deuteron polarization near 8 MeV plotted against c.m. angle 0.

n-d; © - 7.8 MeV (Ta70), A - 7.9 MeV (Br7la);
p-d; B - 8.0 MeV (Cle7}, * ~ 8.0 MeV (Gr66).

The solid curve is the calculation due to Purrington and Gammel at

- 9.0 MeV (Pu68) and the dashed curve is the calculation due to

Briining, et al. (Br7la) at 7.9 Mev.
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measurements of'Malanify, et al. (Ma66) as shown in Fig. 3.1b. In addition,
there are the results of the charge symmetric>scatterings n-T and p—3He as

reported in references (Ha70), (Se70), (Wa69), and the measurement of the

neutron-neutron scattering length reported by Zeitnitz, et al. (Ze74).

On the other haﬁd, ﬁhefe is no indication of breakinngith symmetry either in
the 7.9 MeV p—d polarization data of Taylor, et al. (Ta70) and Bfﬁning, et al.
(Brx71a), or_in the 1§ MeV n-d polarization results of Walter and‘Kelsey (Wab3)
and Morris, et al. (Mo74). Also, in the more recent measurément of n-d
polafization‘at 21;1 MeV by Morris, et al. (Mo74), there is no indication of

breaking with symmetry.” ' Clearly, then, there is a need for more measurements

of n-d polarization.
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CHAPTER 1V

THE EXPERIMENT

4.1 Introduction.

The polarization experiments discussed in Chapter III relied on the inter-
changeabilit? of two detectors for the asymmetry measurements. Iﬁ this |
work . the left—right asymmetry was observed using the anisotropic scintil-
lation properties of a deuterated anthracené crystal. Before makihg
asymmetry'measurements'the anisotropy properties of the crystal were inves-

tigated.

It has been established thgt certain sciﬁtillation crystals, especially
anthracene, stilbene, and quaterphenyl (Bi67), (He59), (He6bla), (Heb6lb),

(Ki6l), (Kie2), (Ki67), have a relatively longer scintillation decay time

for heavilyvionizing particles like protons and o-particles than for electfons.
In pérticular, crystalline anthracene has slow scintillation decay, high
scintillation response, and a directional anisotropy of these properfies (Ts62).
This directional anisotropy of the scintillation decay has been the basis for
using anthracene crystals .as a neutron polarimeter (Bxr74b)}. The techﬁique

of pulse shape discrimination (PSD) (Br58) has been used to sense the direc-
tion of proton recoils from n-p scattering within the crystal, thereby pro-
viding a means fbr determining the asymmetries in n-p scattering. This mefhod
has been used previously for studying the polarizations in n-p scattering at

neutron energies of 16.4 and 21.6 MeV. (Br71b) (Br74b) (Jo74).

This work is an extension of that reported in references (Br71b) (Br74a)

(Br74b) and (Jo74) whe?e natural anthracene was used as the neutron polarimeter.
Here, it was determined whether a similar method could be used to study pola-
rization in n-d scattering; tha£ is, the asymmetry of deuteron recoils from

n-d scattering within the deuterated crystal was determined..
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4.2 The deuterated anthracene crystal

The crystal uéed in this iﬁvestigation was especially made by Nuclear
Enterprises (G.B.), Edinburgh, Scotland. Deuterated anthracene enriched to
anAisotopic purity of.98 per cént was supplied by Prochem Ltd., Croydon,
Surréy, England. The material was repurified to scintillation grade at
Nuclear Enterprises and a crystal was grown in the form of a right cylinder

of dimensions 10 mm (diam.) x 21 mm‘(height) and mass 2.4077 g.

Comparisons were made between different geometries and methods of optical
céupling between the crystal and photomultiplier cathode. It was found that
direct coupling of crystal'to.cathode via either of the end faces of the

former gave very non-uniform light‘colleqtion. The most effective coupling
was obtained using a small.polished lucite light-pipe (Fig. 4.la). - in which
the crystai was mounted with its cylindrical axis parallel to the photocathode.
The interfaces between crystal and light-pipe and between light-pipe and cath—
 ode were optically coupledvby means of silicone fluid (DOW Corning 200 Fluid,
viscosity grade at 25o c 10% c.s.). Diffuse reflector (NE562) painted on

aluminium foil was placed over {(but not optically coupled to) the light-pipe.

The quality of the pulse height resolution obtained from the deuterated
anthracene crystal in this mounting is illustrated by pulse height spectra
taken using 137¢s and 80co y-ray sources (Fig. 4.1b). The single Compton
edge of the 137¢s curve corresponds to the 0.66 MeV y-ray energy, whereas
the spectrum taken with 60Co shows two distiﬁct Compton edges corresponding

to the two y-ray energies of 1.17 and 1.33 MeV, from this source.
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Deuterated anthracene crystal mounted in light-pipe.

This figure shows the deuterated crystal axes a, b and ¢’

as defined in the text.
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Fig. 4.1b Pulse height spectra for deuterated ahthracene crystal.

.The quality of pulse height resolution for the deuterated anthra-

cene crystal is illustrated by pulse height spectra.taken with
60co and !37cs Y-ray sources. The 60co spectrum shows two

distinct Compton edges corresponding to the two y-ray energies
of 1.17 and 1.33 MeV from this source, and the 137¢cg spectrum

shows the single Compton edge of the 0.66 MeV y-ray of 137¢s.

"The count rates for both curves are arbitrary.
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The reference directions for the aﬁisotropy properties of anthracene are

the cr%Etal axes, specifically the mutually perpendicﬁlar 'a' and 'b' axes
(Ts62)l(Ts65) (Br74a) and the so-called artificial e¢'-axis, defined as
perpendicular to the ab-plane. Therefore, the a-, b- and ¢'-axes give a
vcartesian reference frame for describing the directional dependence of scin-
tillation properties. - The directions of tﬁese axes were not determined
explicitly either for the present deuterated crystal or for the natural anthra-
cene crystals used in the abeye-mentioned work with anthracene (Br74a).
'However, the work of others (He59) (He6la) (Heblb) (Ts65) and (0168f on anthra-
cene had previously rndicated that the minimum and maximum pulse héight
responses L were obtained for ions travelling in the directions of the b- and
c'-axes. Therefore,.the reference direqtions used in the present work were
established in terms of initial measurements of beam directions which gave
minimum and maximum L-responses. These initial measurements showed that

the direction of minimum-L (b-axis) lay parallel to the cylindrical aris of
the deuterated crysal and that the direction of maximum-L (¢’-axis) lay
approximately perpendicular to the cylindrical axXis, as would be expected.
Thus, when mounted in the ligﬁt—pipe as shown in Fié. 4.1a, the b-axis lay
perpendicular to the photomultiplier axis. A standard mounting in the light-
pipe was adopted, whereby the crYstal was rotated about its cylindrical axis
until the direction Qf maximum-L (¢ '-axis) was perpendicular to the plane
defined by the photomultiplier axis and the cylindrical axis of the crystal.
In this mounting, therefore, the g—axis of the crystal was aligned parallel

to the photemultiplier axis.

For convenience, a polar co-ordinate frame, called the ‘crystal frame', was

further defined. In this crystal frame the photomultiplier axis is the

polar axis (6 = OO) and the cylindrical axis of the crystal is taken as the
o

polar azimuthal axis (¢ = 07). This crystal frame forms the reference frame

for the anisotropy measurements of the scintillation properties. The crystal
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frame defined in this work‘for the deuterated anthracene crystal does nét
coinci%e‘with that used previously for anthracene. For the deuterated
crystél the polar and aximuthal axes of the crystal frame coincide with the
a-axis and b-axis, respectively. For the anthracéne crystal (Br74a) (Br74b)

the polar axis coincided with the artificial ¢’-axis of the crystal and the

azimuthal axis made a 40o—angle with the b-axis.

4.3 Neutron production

The neu£ron begms used for this work were obtained from the three reactions
T(d,n), D(d,n) and 2Be(a,n). The incident particles were produced by the
5.5 MV CN Vvan de Graaff pulsed accelerator of the Southern Universities Nuclear
Institute (S.U.N.I.), Faure, Cape. The acceleratér is equipped with a Klystron
bunching systém (F157) which delivers a pulsed béam of approximately 2 ns
duration at a frequency of 2 MHz for a deuteron beam. The accelerator is
capable of beams currents of 5 pA; for this work a beam current of 2 ﬁA was

used throughout. The beam energy was monitored by a nuclear magnetic resonance
(NMR) probe inserted into the field of the 90° analyzing magnet of the accele-
rator. Tﬁe calibration of the NMR probe was pefiodically checked by observing

the threshold (1.881 MeV) of the 7Li(p,n)7Be reaction (Gi60) (Go63) (Ma63).

Both the tritium and'deuterium targets were gaseous, and were operated at an
average pressure of 0.8 atmosphere. The tantalum—backed cells were 10 mm in
length and were séparated from the accelerator vacuum by Havar foil windows

of thickness 3.52 mg—cm—z. These targets were kept cooled by a pressurized
jet of air directed at the cell. | The %Be target was a 279 ug—cm—2 thick
layer of natural beryllium deposited on a tantalum backing, and was made
locally. The subject of targets and their windows used for the production of
neutrons has been treated extensively by Coon (Co60). Methods of obtaining
vpolarized fast neutrons and the currently best sources. are discussed by

Walter (wa71).
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The pu}sed—beém time-of-flight method was used for szlecting the primary
cdmpoﬂent in the neutron spectrum from whichever reaction was being used.
For the D(d,n) reaction which was used for calibrating the deuterated
crystél, the flight path was 2.00 m, while for the poiarization measurements
using the T(d,n) and 9Be(a,n) reactions, the flight path was 0.5 m and the
timing resolution obtained was 4-9 ns FWHM, Separate high resolution
time-of-flight measurements had been made previously (Jo72) (Pa73) in order
to examine the neutron spectra from the T(d,n) and D{(d,n) reactions under
various experimental conditions; namely, bad beam optics, the effects of
shielding, and good beam optics with no shielding. From these earlier
measurements it was detérmined that open geometry sﬁould be used for this -

experiment.

The deuteron beam used in this experimént was readily available. However,
it was necessa;y to develop a techhique at this time for producing the
a-particle beam used for the 9Be(a,.n) reaction. This was very abiy
accomplished by the S.U.N.I. accelerator group (Kr72) (Kr73). With fhé"
availability of the cross-field analyzer for particle selection and because
the use of hydrogen resulted in a long life for the filament coating, a

beam of singly charged “He was extracted from the duoplasmatron by'using a
mixture of gases to the proportion of 25 per cent helium (monatomic) and

75 per cent hydrogen (diatomic). This gas mixture was sufficient for pro-~
ducing a pulsed o-particle beam‘with currents similar to those obtained with

the deuteron beam.

The energy loss from the incident beam for each target has been determined
(Ma60) (Mab8) and is shown graphically in Fig. 4.2 for an incident particle
energy range from 1 to 6 MeV. The thickness of the beryllium deposit

corresponded to an energy loss of approximately 50 keV (a360) for an o-par-

ticle beam 6f 2.55 MeV incident energy. Thus the average o-energy (Ea) in’
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Fig. 4.2 Total energy loss for incident beam particles in target materials.

The values of AE in (keV) are shown for different target materials
"as a function of incident particle energy. The upper curve repre-
sents the eneigy loss of deuterons in the 3.52 mg—.cm—2 thick Havar
foil used for the gaseous targets while the lowest curve represents.
the energy loss in the target gas. The middle curve répresents
the energy loss of a—particleé in the solid Be target 279 pg—cm"2

thick.
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the target was 2.50 MeV. Therefore for a laboratory angle of 40° with
respe#t to the oa-beam, the neutrons were emitted witﬁ a mean energy (En ) of
- . : o

7.85i0.02 MeV, as extrapolated from the data of reference (St70).

!
!

For the gas targets employing a thin Havar‘foil window (Cr71) (Mo71) the
energy loss for the Havar alloy was calculated (Ma60) (Ma68) (Wh58b) using
the four main constituents of the alloy, Cr, Fe, Co, and Ni, andAassuming the
additivity of stopping effects. Accbrding to Porter, et al. (Po70) results
calculated in this ménner would be approximately 15 per cent higher than any
experimentally determined values. The energy loss for deuterons in gases

of the hydrogen isotoées (tritium and deuterium) has been determined from

reference (Ma60).

The incident particle energy for the D(d,n) reaction was 4.50 MeV, the

energy loss in the target 250 keV, giving a mean energy of 8.0 MeV for the
emitted neutrons. The T(d4d,n) reactién used 5.20 MeV deuterons and had an
energy loss ofv27Q kev. Here the mean neutron energy at 20° (lab) was

21.6 MeV, and at 80O (lab) was 16.4 MeV. Both the D(d,n) and T(d,n) reactions
have been thoroughly discussed by such authors as Brolley and Fowler (Br60)

and Goldberg (Go63).

Time~of-flight specfra have been obtained for all three reactions used in
this experiment. The spectrum for the D(d,n) reaction used in calibrating
the deuterateq crystal is shoﬁn in Fig. 4.3 for a flight path of 2.00 m and
was taken at OO neutron angle of emission. A strong y-ray peak is seen but
there is also a strbng neutron peak of 8 MeV mean energy. While obtaining
the time-of-flight spectrum the PSD portion of the electronic circuitry was
not operative, but during the actual running, a time-of-flight window was set
on the neutron peak; this window included some of the prompt y-rays which

were then separated from the neutron group by the PSD circuitry.
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Fig. 4.3 Time-of-flight spectrum for 8 MeV neutrons from the D(d,n)3He

reaction for the deuterated crystal calibration.

The spectrum was recorded without PSD gating at a flight path of

2.0 m during the anisotropy calibration runs.
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4.4 fElectronics

/
4 | |
The crystal assembly was optically coupled to a magnetically shielded

RCA 6810 A photomultiplier tube, selected because of its favourable dark

" noise spectrum and high quantum efficiency; The base of the tube was
equipped with a voltage di?iderbchain similar to that of Hyman, et al. (Hy64)
so chosen as to preservé linearity over a wide dynamic range. The dynodé
potential divider circuit is shown in Fig. 4.4. Circuit components were
chosen to preserve voltage stability to better than one per cent for peak
currents of 10 ma at dynode thirteen. Detailed accounts of the design of
photomultipliers‘are éiven in the following references (Hy64) (Be63c) (Be64)

(RCA70) (PHITO).

The pulse shape discrimination (PSD) circuit (Br59) was coupled to fhe base
of thé detector as indicafed in Fig. 4.4. Three pulse outputs, designated
'fast', L, and S, were taken from the photomultiplier circuitry. The 'fast'
output operated the time-of-flight system, the amplitude of the ';inear' out-
put L indicated the total light in the scintillation and the amplitude of the
PSD output S indicated the 'shape' of the scintillation which is a function
of the decay times of light emission, and therefore of the nature of the

particle.

e

Optimum timing resolution (v 2 ns) was obtained with constant fraction
timing discriminators (ORTEC 463). This permitted 22 MeV neutrons to be
resolved from the y-rays at the flight path of order 0.5 m. Because of a
ﬁigh Yy-ray cgunt a pile-up rejector (Canberra 1464) was introduced into the

circuitry .to prevent distortion of accumulated spectra.

The electronic circuit used for processing the photomultiplier output signals
is shown in Fig. 4.5. The arrangement is similar to that used in previous

work (Br74a) (Br74b) (Jo72) (Pa73). The 'fast' electronics on the left of .
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housing.

"The dynode chain potential divider and pulse shape discrimination
circuit was used with a magnetically-shielded RCA 6810 A photo-

multiplier tube, the electronics being encased in the detector
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Fig. 4.5 -The block diagram of the electronic system.

'~ The 'fast' electronics on the left of the diagram were used for
opefating the time-of-flight system, and the ‘'slow' electronics
on the right produced the L and S pulses which were analyzed in

‘the computer to obtain LS-spectra.
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the diagram were used for operating the time-of-flight system, and the

/ .
'slow" electronics on the right produced the L and S pulses. The events

I

i

falling within a window set on the primary neutron peak in the time-of-flight
spectrum were accumulated in a two-parameter LS-spectrum of counts versus L
versus S. The LS-spectra, accumulated in a PDP 15 data acquisition system,
were transferred to magnetic tape for processing on the UNIVAC 1106 at the

University of Cape Town.

Throughout the running of the experiment the beam current was monitored by
a current integrator (B165) and the neutron flux by a long counter (Had7).

These monitors providéd consistency checks and reduced possible systematic
uncertainties. The total number of trigger pulses arriving at the linear
gate was counted for each run, the time for each run was monitored, ahd the

total number of events occurring within the time window was also monitored.

4.5 Anisotropy of scintillation properties

The direction dependences of L and S for deuterated anthracene are illus-
trated by the LS-spectra shown in Figs. 4.6 and 4.7, which were obtained
using incident neutrons of energy 21.6 MeV. Fig. 4.6 shows isometric plots -
obtained at two mutually perpendicular orientations of the cfystal to the
neutfon beamn. The orientations are those which gave maximum (Fig. 4.6a)

and minimum (Fig. 4.6b) pulse height responses L respectively. The twé
orientations correspond to mutually perpendicular directions to the neutron
beamn. The orientation giving the minimum L (Fig. 4.6b) is that inrwﬁich

the cylindrical axis of the crystal is aligned parallel to the neutron beam.
It is from this observation, together with the assumption that the anisotropy
p¥operties of deuterated anthracene are similar to those of anthracene (Ts62)
(Br74b), that it was deduced that the b-axis of the deuterated crystal lies
paréllel to its cylindrical axis. It was similarly assumed that the

orientation at which maximum L is observed (Fig. 4.6a) is that in which
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LS—spectrum'for 21.6 MeV neutrons directed parallel to the

Fig. 4.6b

¢'-axis of the deuterated anthracene crystal (maximum-I orientation).

The ridges are due to: Compton electrons (C); breakup protons (P);
recoil deuterons (D); and a-particles (a) from reactions on carbon.

The peak F corresponds to forward recoiling deuterons.

Fl

LS-§pectrum for 21.6 MeV neutrons directedApardllel to the

b-axis of the deuterated anthracene crystal (minimum-L orientation) .

The ridges are due to: Compton electrons (C); breakup protons
(dispersed) (P); recoil deuterons (D); and.o-particles (a) from
reactions on carbon. The peak F' corresponds to forward recoil

deuterons.
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the artificial e'-axis of the crystal is aligned parallel to the neutron

beam.f

The standard mounting of the crystal (Fig. 4.1a) can therefore be
defined as that in which a rotation of 90° about the photomultiplier axis
will transform from the orientation of maximum L to that of minimum L, or
vice versa. The q—axis of the crystal is therefore expected to coincide
with the photomultiplier axis in the standard mounting. For convenience
tﬁe orientations giving the minimum I, and maximum L are referred to as the
b- and ci;orientations respectively, the reference therefore indicating

that the neutron beam is assumed to be aligned parallel to the corresponding

crystal axis in each case.

Figé. 4.7a and 4.7b show contour plots of the LS-spectra displayed in

>Figs. 4.6a and 4.6b respectively. Much of the structure in the spectrum
at the c’—oriéntation (Figs. 4.6b and 4.75) is similar to that observed for
anthracene (Br74b), at the corresponding orientation. The observed ridges
can be attributed (Br74b) to the following: Compton scaﬁtering (C); alpha
particles (o) from the reactions on the carbon component of the crystal; and
the elastic scattering ridge, consisting in this case of recoil deuterons (D).
In addition there is a proton ridge (P) attributed to the deuteron breakup
reaction D(n,p)2n, and a proton-escape ridge (E). The different components
c, a,‘D, P and E in'Fig. 4.6a are clearly distinguishable over much of the
pulse height range L, illustrating the good PSD characteriétics of the

deuterated crystal at the ¢'-orientation.

The proton; deuteron, and alpha éomponents are not clearly resolved in the
‘spectrum (Figs. 4;6b and 4.7b) taken at the b—orientation. These results are
élso consistent with those obtained for anthracene where the relatively good
PSD resolution obtained at the ¢’-orientation could be understood (Br74b) inv

terms of the detailed directional dependence of the scintillation properties
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En = 2i.6 MEV
¢ = 90°, B =90°
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Contour plot of an LS-spectrum for 21.6 MeV neutrons on the

Fig. 4.7a

deuterated anthracene crystal at maximum-L orientation.

The above is a contour plot of the isometric display in Fig. 4.6a.
The symbols C, P, D, a, and E indicate that the corresponding
ridges are due to Compton electrons, breakup protons, recoil deu-~
terons, a-particles from reactions on carbon, and proton escapes.

The relative count rate is given for each contour level.
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Contour plot of an LS-spectrum for 21.6 MeV neutrons on the

deuterated anthracene crystal at minimum-L orientation.

The above is a contour plot of the isometric display in Fig. 4.6b.
The symbols C, P, D,o, and E indicate that the corresponding .
ridges are due to Compton electrons, (dispersed) breakup protons,

recoil deuterons, o-particles from reactions on carbon, and proton

escapes. The relative count rate is given for each contour.
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of that/crystai. The ¢'-axis of the crystal approximates more closely than
any other direction to an axis of symmetry for the difectional dependenée of
the PSD output 3. The kinematics of nuclear reactions and scattering re-
strict the directions of product or recoil nuclei of a particular energy to
the surface of a cone with the neutron beam as axis. Thus at the. ¢'-orien-
tation deuterons or protons of a particular energy are dispersed in directions
which tend to uniform S respohses, and the loci of the corresponding particles
are consequently relatively well-defined in the LS—plane. The opposite is
true for thé.b—orientation since thé b-axis of the crystal approximates very

poorly to an axis of symmetry for the direction dependence of the PSD output.

The characteristic forward and backward peakingvin the angular distribution
for n-d elastic scattering are also manifested (Figs. 4.6 and 4.7) in the
peaking of the deuteron fidge (D) at ifé low-L and high-L extremities, respeé—
‘tively. : The high-L limit of the deuterén ridge correspondé to forward
recdiling”deuterons and the characteristic deuteron peak in this region corre-
sponds to the backward peak in the n-d diffgrential elastic cross section.
The sharp cutoff on the high-L side of the deuteron peak is of particular
interest. Firstly, it illustrates thé goodvpulse height resol#tion of the
crystal and, secondly, the cobrdinates éf the ridge give a measure of L and S
for a well-defined deuteron direction and energy, i.e., forward recoils.»
The recoil deuteron energy at the edge is given by
8
By = 4MdMn/(Md + Mn)'En = gEn (4.1)

where En is the neutron energy.

The directional dependence of L‘and S at different deuteron energies Ed may
therefore be stﬁdied by using monoenergetic neutrons of the approb?iate

energy En giveﬁ by Eq. 4.1, observing the LS—spectrum at different orientations
to the neutroh beam and recording the coordinates of thg edge of the deuteron

peak in each spectrum. As previously (Br74b), but with slightly modified
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notation, the pulse height anisotropy AL and the directional resolving power

iy
R are,qefined as follows:

A =

L (Lc, - Lb)/<L>bc, cee (4.2)

and

R = |sc, -sb|/<As>bc, ’ ... (4.3)
where L is the L-coordinate of the edge of the deuteron peak, the subscripts
¢' and b denote the orientation of the crystal, and brackets <>bc" denoté
averages of measurements at the b and ¢’ -orientations. The PSD outputs
Sc’ and Sb in Eq. 4.3 represent the centroid S values of the deutefon ridge
The term AS in the denominator of the

at the constant pulse Height L = Lb'

same equation denotes the full-width at half-maximum of the deuteron ridge

at L = Lb.

- Measurements of AL and R at four energies in the Ed range 3-20 MeV are listed

in Table 4.1 and plotted in Fig. 4.8.

TABLE. 4.1
ANISOTROPIES ~VERSUS DEUTERON ENERGIES
FOR DEUTERATED ANTHRACENE CRYSTAL

Ed (MeV) 3.02 6.93 14.58 19.20
AL 0.257 '0.241 0.198 0.143
R 0.52 2.3 3.6 6.0

The resultg. of the detailed study of the directional dependences of L and S

at Ed = 7 MeV are presented in the section below.

4.6 " Direction dependences of L and S for 7 MeV deuterons

The direction: dependences of L and S at E_. = 7 MeV were studied using the

d

forward recoils from an 8 MeV neutron beam produced by the D(d,n) 3He reaction.
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Fig. 4.8 Pulse height anisotropy AL and resolving power R for deuterated

anthracene as a function of recoil deuteron enerqy.

Circles (solid curve) represent thé pulse height anisotropy and

triangles (dashed curve) represent the resolving power R.
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LS-spectra were obtained over a range of 200o in steps of 20° for 6 and
over afrange of 240° in steps of 30O for ¢, thus givigg coverage over a
solid ;ngle in excess of 2m. These measurements included several comple-
mentar§ pairs which confirmed that the pulse height was backward-forward
invariant for the opposing directions (6,¢) and (v - 6, w + ¢). This

identity was then assumed for the rest of the data and used to extend the

contour plots over the full 4w solid angle range.

The data used for the calibration were corrected for the long-term elec-

tronic drifts that were periodically monitored. The true zero for the
L-parameter which is linear, was ascertained by running two LS-spectra with

the crystal oriented for the maximum response. The second spectrum was ob-
tained at an L-amplifier (as in Fig. 4.5) gain set to one-half that of.the__
first spectrum. All data were appropriately adjusted for this zero-correction.

The results obtained at 6 = 0O were checked for consistency for all values of ¢.

The directional dependence of the pulse height L(8,¢) was studied by observing
the high-L value at which the forward-recoil deuteron peak dropped to half-
amplitude for different orientations (6,¢) of the crystal. The directional
dependence of the PSD amplitude S(8,¢) was studied by comparing PSD amplitudes
S at a cénstant pulse height; Lmin' the latter pulse height being the minimum
observed limit of the high-L at half-amplitude, forbthe different crystal
orientations (6,¢). All L values obtained in this manner were plotted as a
function of 9 for the different values Qf ¢, and conversely, as a function of

¢ for the different values of 9§ as a consiétency check. All S values Qere
treated in a similar fashion. L and S were found to vary smoothly (approxi-
mately sinusoidally) with either 6 or ¢. This was also the case for anthracene
(ﬁr74a). Data obtained for deuterated anﬁhracene at Ed = 7 MeV (corresponding
to En = 8 MeV) are presented in contour plots of L(6,¢) and S(6,¢) in Figs.

4.9 and 4.10.
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4.7 ;Discussion

I8

!

These'daté in Figs. 4.9 and 4.10 together with those in Table 4;1, show

that the pulse height anisotropy and PSD anisotropy properties of deuterated
anthracene are indeed similar to those of anthracene but do exhibit small
differences. The directions corresponding to the maxima or minima of L or
S were found to be independent of the deuteron energy in the crystal, and so
the directional properties of the crystal were defined in terms of these

maxima and minima. = The pulse height anisotropy, A , has been defined by

L
Eqg. 4.2, and the directional resolving power R by Eq. 4.3. AL ié a measure
of directional variation of the pulse height relative to the average pulse
"height. Using the Rayleigh criterion, a value of R exceeding unity means
that the PSD anisotropy is suficient to distinguish deuterons recoiling in

the mutually perpendicular directions corresponding to the maximum or minimum
PSD outputs. It is seen from Table 4.1 and also Fig. 4.8, which gives both
AL and R as a function of recoil deuteron energy, that the deuterated crystal
satisfies this criterion for deuteron energies exceeding about 4 MeV.

Interpretations of the anisotropies have been given by various authors (Bi67)

(Br74a) (Br74b) (Jo72) (Bob6l).

A point of particular interest, revealed by results of this experiment, is the
different symmetry properties of the L and S anisotropies of deuterated anthra-

cene. As can be seen from Fig. 4.10 the S-anisotropy is symmetric about the

(@]

‘¢ =0 - 180o line whereas the L-anisotropy, as can be seen from Fig. 4.9, does

not show such a symmetry. This is in contrast to the results for natural
 anthracene where the L and S anisotropies showed similar symmetry properties.

© - 180° may be obtained for

An L-anisotropy plot which is symmetric about ¢ = O
the aeuterated crystal by transforming the data of Fig. 4.9 to a different co-
ordinate frame, other than the crystal frame, namely, a frame whose polar axis
is oriented at direction a =.8 = 250, B=1¢ = 2709 in the crystal frame.

Such a plot is shown in Fig. 4.11.
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Fig. 4.9 Contour map of the pulse height response of deuterated anthracene

crystal to 7 MeV deuterons.

.The map shows contours of equal pulse height L(0,4) as a function
of deuteron direction (6,¢) in the crystal frame. The figure
written on each contour line indicates the L value of the contour .

. relative to the L value of the lowest contour leVel.
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Contour map of the PSD response of the deuterated anthracene

crystal to 7 MeV deuterons.

‘L = L

The map shows contours of equal centroid PSD output S(6,4) at

b (see text) 'as a function of deuteron direction (8,4) in the
crystal frame. The figure written on each contour line indicates
the S value of the contour relative to the S value of the lowest

contour level. The point 'P' is referred to in Chapter 5.
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ig. 4.11 Transformed contour map of the pulse height response of deuterated

anthracene crystal to 7 Mev deuterons.

The contours of Fig. 4.9 are transformed to a new reference frame
in which the polar axis is oriented at a =06 = 250, B=¢ = 270o

in the crystal frame.
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The reasoh for ﬁhis difference between anthracene and deuterated anthracene
is not bbvious. However, further investigations migﬁt perhaps shed some
light on the physics of PSD phenomena. Such phenomena are considered
(Bi67) (Br74a) (Br74b) (Jo72) (Bo6l) to involve molecular excitation and
energy transfer processes which might be affected by substituting deuterons

for protons in the anthracene molecule.
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; ' CHAPTER V

‘/ ' THE DEUTERATED ANTHRACENE POLARIMETER

5.1 | The deuteron polarimeter

The deuterated anthracene polarimeter is basically a development or extension
of the natural anthracene polarimeter (Br74b) (Jo74), hence the methods of
operation and data reduction are based on those devised for natural anthracene.
.For polarization analysis the deuterated crystal must be oriented to give maxi-
mum variation of PSD response output S for recoils to left and right of the
neutron beam direction. Assume that the incident particle and outgoing neu-
tron (i.e., neutron beam) of the source reaction define a horizontai plane.
Then, as for anthracene (Br74a) the'optimum orientation is that in which the
a-axis of the crystal is vertical and the neutron beam is directed between the
b- and c'-axes as illustrated in Fig. 5.1. At such an orientaﬁion the direc-
tion of the neutron beam in the crystal frame is that corresponding to the
point 'P' in Fig. 4.10, whose co-ordinates are (a,B) = (e'¢)crysta17; (900,400).
Henceforth the co-ordinates (0,B8) will denote the neutron direction in the
crystal frame or, equivalently, the crystal orientation relative to the neutron
beam. The unsubscripted variables 0 and ¢ will denote the direction of the re-
coil deuteron (from n-d scattering in the crystal) in the laboratory ffame. In
“this‘(lab) framé, the polar axis (6 = OO) is the neutron beam and the azimuthal
axis (¢ = Oo) is defined by projecting the bombarding particle in the source
reaction (e.g., 4 in T(d,n).or ¢ in 9Be(OL,n)) onto the azimuthal plane, that
is, the plane normal to the polar axis. For calibrations tﬁe crystal'may be
oriented at (a,B)r=.(900,9OO), the maximum-L orientation, or at (o,B) = (900,00),

the minimum-I orientation.

In addition, two other axes of rotation are introduced (see Figs. 5.2a and
5.2b): (i) a rotation of the crystal about the horizontal neutron beam de-

signated by the angle § ; and»(ii) a rotation designated by the angle T ,
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Fig. 5.1 Diagram showing orientation of aq—~, b—, and ¢'-axes of deuterated

crystal (center X) to neutron beam n.

The azimuthal axis ¢ = OO is defined by projecting the incident
deuteron beam onto a plane normal to the deuteron beam. The dashed

lines illustrate changes implied by a switch from position A to

" position B.
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of the whole detector assembly about a vertical axis through the source.
i : ’
The magnitude of IQI determines the energy and polafization of the neutron

beam incident upon the crystal. The sign of { and the rotation § are con-

venient parameters for asymmetry measurements as outlined below.

The photomultiplier assembly was mounted in a goniometer frame (Figs.5.2a and
5.2b) whicb permitted the crystal to be rotated independently about @, B,

§, and . The framework was a rigid structure, constructed from steel and
aluminium alloy and designed to achieve accurate rotational symmetry about the
8, T, a and Baxes while at the same time restricting the quantity of scattering
material in the vicinity of the crystal to a minimum. Fig. 5.2a shows the

angles of rotation for the deuterated crystal in greater detail.

The choice of (a,B) = (900,400) as polarization orientation is illustrated by
transforming the PSD contours of Fig. 4.10 to a reference frame in which the

(90°, 40°) in the

it

neutron beam is in the direction (a,B) = (e'¢)crystal
crystal frame (Fig. 5.3). The contours in Fig. 5.3 thus represent the S
response of the crystal to 7 MeV recoil deuterons aé a function of direction
(0,¢) in the laboratory frame. This holds true for the rotation = 0° about

- the neutron beam. For the rotation 8= 900, Fig. 5.3 would be rotated 90o in
the ¢ direction since the G—axié is the neutron beam. In this case, then, it
will be seen that for 8<9OO; recoils to the left (corresponding to the upper
half of Fig. 5.3) give high-S (S>115) while recoils to the right (lower half
of Fig. 5.3) give low-S (S<115). For the rotaﬁion § = 270° the opposite
conditions obtain. These positions are defined as A and B, respectiVely, in
accordance with the practice followed with the -natural anthracene polarimeter
(Br74b) , since a deuteron recoil from the neutron beam to the ¢'-axis is in
ﬁhé same sénse (A) or opposite sense (B) as the direction of neutron emission
relative to the incident beam of the source reaction. As befote, there are

three convenient ways of changing between positions A and B: (i) by changing
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B

Orientation of the crystal.

Fig. 5.2b .

The orientation (o,B) of the crystal is defined by the angle ¢
between the neutron beam and photomultiplier axis, and the angle

of rotation B of the photomultiplier~-crystal assembly about the

photomultiplier axis. The complete assembly can also rotate about

the neutron beam (8 = angle of rotation) without changing o or B.

Diagram showing goniometer.

The photomultiplier assembly is mounted in a goniometer frame for
rotation (§) about the neutron beam. The frame, complete with

its stand, can also be rotated (angle of rotation r) about a vertical V
axis V-
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Deuterated

’ o
Anthracene 120

180>

270°

PSD_CONTOURS

Contour map of the PSD response of the deuterated anthracene

crystal at polarization orientation to 7 MeV deuterons.

The map shows contours of equal centroid PSD output S(0,¢) after

o .0,
crystal (0-.00)

(see Flg.o4.10) to the polarization orientation (a,B) = (e'¢)crystal

o
=(90 ", 407). The figure written on each contour line indicates

the crystal has been rotated from (a,B) = (0,9)

the S value of the contour relative to the S value of the lowest

" contour level.
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[ to -L: or (ii) by changing § to (8 +m); or (iii) by rotating the crystal

about/it's g-axis, in this case by changing B to (Zﬁ - B).

5.2  Operation for monoenergetic recoil deuterons
5.2.1 Measurement of the recoll deuteron asymmetry
The operation of the polarimeter may.be.described in terms of an idealized
simplified situation as follows. Assume a monoenergetic, positively polarized
incident neutron beam and consider only those events in which neutrons are

s cm , .
scattered at a specific c.m. angle 0 . Assume that the analyzing power in

: _ 2
. cm . fa cm X .
n-d scattering, P2(62 ), 1s positive for the angle 0 . The associated
2 .

. deuteron recoils will be at the lab angle

0 =1/2 (m -ejm) ‘ ...Eq. 5.1
and the recoil deuteron energy will be.
E (8) =1/2 (1 - cos 6™ E_(0°) ...Eq. 5.2
da 2 da

where Ed(OO) is the forward deuteron recoil energy given by Eq. 4.1.’

Assume that En and sz have been so chosen as to make Ed(e) = 7 MeV. Also
assume for the moment that competing feactions, multiple neutron scattering

and recoil deuteron escapes from the crystal. are negligible. Now suppose

‘the crystal is in the A position.  Only the S-spectrum of the recoil deuterons
is considered. Since 0 will necessarily be less than 900, there will be, as
outlined above in Sec. 5.1 and from Fig. 5.3: (i) 1low-S (S<115) if the

. deuteron recoil azimuthal angle ¢ is in the range ¢ = 18Oo:t900; and (ii)

high-S (8>115) if the deuteron recoil azimuthal angle ¢ is in the range 0° + 90°.

When the crystal is in the B position the reverse conditions obtain.

. _ o
For the above assumptions more neutrons will scatter towards the ¢ = 0 side
of the incident neutron beam than the ¢ = 180O side. Consequently more recoils
will be directed towards the ¢ = 180° side than the ¢ = o° side, that is,

there will be more events of low-S than high-S recorded.
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The S-spectrum for such a situation is illustrated schematicaliy in Fig. 5.4a.
Negle%ting for the moment any effects associated wiﬁh the finite resolution

of the S-measurement, the S~-spectrum can be divided (Fig. 5.4b) at S = Sm(=115)
iﬁto fwo components, a component N< representing the integrated counts of
events having S<Sm and N<, the integral of events having S>Sm. Then the

deuteron recoil asymmetry €(8) is given by (Br74b)

e(0) = '%.'TI"'(A.NA/NA) : ...Eq. 5.3

where AN = N, - N, N = N< + Ny and the subscript A indicates data taken
in the A position. By combining runs taken in the A and B positions and
normalizing so that NA = NB = N, an expression for €(0) is obtained:

€(6) = (m/4N) (AN, - AN) ' ...Eq. 5.4

which is insensitive to small errors in the choice of Sm. In practice, it
is convenient to define Sm as the median of summed A and B spectra. Finally,
the polarization in the n-D elastic scattering at the associated neutron c.m.

scattering angle QZm is given by
Cm :
P = - . ...Eg. 5.5
2(‘62 ) 8(6)/P1 (%) | Eq
5.2.2 Correction for proton background from deuteron breakup

The deuterated anthfacene polarimeter is similar to its natural anthracene
counterpart in many ways. However, one major difference between the two arises
from the deuteron breakup reaction D(n,2n)p which occurs in the deuterated
crystal. This can pfoduce an appreciable background of proton events, necessi-
‘tating a modification of the procedures for determining €(6) as described in

_Sec.=5.2.1.

The breakup reaction adds a proton component to the S-spectrum for monoenergetic
deuterons (Fig. 5.4b). The components (Fig. 5.4c) of the resulting spectrum

(Fig. 5.4d) are therefore a deuteron component similar to Fig. 5.4b and a.pro-
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Schematic illustration of method for determining asymmetry of

Fig.

Fig.

Fig.

Fig.

5.4a

5.4b

5.4c¢

5.48

deuteron recoils.

Projected S-spectrum for monoenergetic deuterons showing the
asymmetry in left and right deuteron recoils. The dashed lines
show the high and low components associated with left and right
deuteron recoils. The deuteron-median S for a pair of A and B
runs is indicated.

The projected S-spectrum can be divided at S = 115 into two
components, a component N.below S, and a component N above

Sm-

A proton component due to the breakup reaction is added to the
deuteron component. -

The net spectrum obtained by adding the two components of
Fig. 5.4c. The proton component contributes mostly to N
while Ny remains relatively unaffected.
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ton component.also similar to Fig. 5.4b, overlapping the deuteron component
but displaced towards lower S-values by the PSD shift between protons and
deutérons. From observations of this shift (Fig. 4.éa or 4.7a) it can be
assumed that the proton component will not extend significantly beyond the
S-value Sm as indicated in Fig. 5.4c. Therefore the proton events are added
to the N_ component of the S-spectrum (Fig. 5.4d) and consequently to the
difference AN, and will cancel in the difference (ANA - ANB) for normalized
A and B spectra. The effect of the protons is therefore to dilute the ob-
servea asymmetry €(6) by increasing the total number of events N in the

' denominator of Eq. 5.4 without affecting the numerator. This dilution may
be corrected by multiplying N by a factor (1 - fp) in which fé represents

the fraction of events in the S-spectrum (Fig. 5.4d) which are due to pro-

tons. Thus the equation for €(0) becomes
= - - . ...Eq. 5.
€(0) (AN, - AN)/4C L - £ )N q. 5.6

The fraction fp can be estimated from measurements made at a cfystal orien-
tation different to that used for the asymmetry measurements, namely, the ¢'-
- or Lmax—orientation mentioned in Sec. 4.5 above. Protons and deqterons are
clearly resolved in spectra taken at this orientation (see e.g., Fig. 4.6a
or 4.7a) and the fraction fP can be determined. More details of the methods

used will be given in the sections below.

The presence of the proton component also implies that the 'deuteron-median'
Sm no longer coincides with the median of the summed kA + B) projected spec-
trum. However, since the proton component lies almost entirely below Sm
(Fig. 5.4c), Sm can be obtained by removing a fraction fp of the summed spec-
trum, from it's low side, and determining the median of the remaining high-S

component as illustrated in Fig. 5.5.
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5-5b
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COUNTS —»

5-5d

Determination of proton fraction fp, the deuteron median Sm' and

Fig. 5.5a

Fig. 5.5b
Fig. 5.5c

Fig. 5.5d

the asymmetry factor fA'

Projected S-spectrum of a section (angle bin) of Lm g run
(see Fig. 4.6a or Fig. 4.7a). The proton fraction 2 is the fraction
of counts in the proton group p. p

Projected S-spectrum of a section of a polarization run.

The fraction f has been removed from 5.5b. This is done for an A
run and a B rug, and the two projected spectra are then normalized
to the same total area (counts) and summed. The median Sm of the
resultant distribution is determined.

" The point of inflection on the high-S side of projected spectrum is

matched to that of a 'standard' Gaussian. The fraction f of the
‘standard' Gaussian in the region S > S_ is determined, then f_ is

m A
calculated from Egq. 5.14..
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5.3  Determination of asymmetry as a function of recoil angle
/
5.3.1/ Outline of the method
|

In an actual experiment using a monoenergetic neutron beam falling on the

deuterated anthracene crystal, the LS-spectrum includes components from re-
v coil deuterons, from breakup protons, and from other types of events; and
the deuteron component includes recoils at angles 6 ranging from 0° - 90°.

An LS-spectrum, obtained during the same se;ies of runs as those shown in
Figs. 4.6 and 4.7, usihg 21.6 MeV incident neutrons is shown isometrically

in Fig. 5.6, and as a contour plot in Fig. 5.7. At this 'polarization
orientation' the chargcteristic forward recoil edge (6 = OO) lies at an (L,Sj
position which is intermediate between the limiting positions F and F' of the
.corresponding’edge in Figs. 4.6 and 4.7. For recoils at.6>00, that is, for
deuteron energies less than Ed(Oo) and consequently for pulse heights L less
than that of the edge, the deuteron ridge broadens relative to those of Figs.:
4.6 and 4.7. A similar broadening occurs for the proton ridge with the re-

sult that the proton and deuteron ridges overlap and merge over most of the

L-range, in the manner illustrated in Fig. 5.4.

The method adopted for determining €(8) is to divide the proton-deuteron
region of the LS-spectrum into a series of angle bins, each corresponding to
a particular range of recoil angle O . to© and mean recoil angle
min max
6= 1/2 (6, + 6 ). Assume for the moment that both the L and S para-
min max
meters are measured with perfect resolution. From the L and S anisotropy
data of Sec. 4.5 it can be shown that the locus, in the LS—plane, of deuteron
recoils at constant 6 and different ¢ is, to a good approximation, a straight
line. The loci of emin and emax therefore define the boundaries of the angle
bin 8 in the LS-plane. Two such lines indicating the boundaries for the bin
. ‘ . cm o, .0
corresponding to neutron centre-of-mass scattering angle 92 = 130" £5 are
shown in Fig. 5.7. After defining these boundaries the counts data between

them is projected onto the S-axis and €(0) may be determined from the resulting
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Fig. 5.6 LS-spectrum for 21.6 MeV neutrons in the direction (8,¢) = (900,400)

in the be'-plane (bolarization orientation).

The ridges are due to: Compton electrons (C); breakup protons (P);
recoil deuterons (D);'and a-particles (a) from reactions on carbon.
The deuteron ridge is seen to be broadened relative to that in

Fig. 4.6a. The peak F'' corresponds to forward recoil deuterons

at polarization.orientatiqﬁ and lies between that for Lmax—orien—
tation, F (Fig. 4.6a) and that for Lmin—orientation, F' (Figure 4.6b).
The counts (vertical) scale in this plot is arbitrarily truncated

at 500 counts.
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Fig. 5.7 Contour piot of an LS—specﬁrum for 21.6 MeV neutrons on the

‘deuterated anthracene crystal at the polarization orientation.

The above is a contour plot of the isometric display of Fig. 5.6.
The symbols C, P, D, &, and E indicate that the corresponding
ridges are due to Compton electrons, breakup protons, recoil
deuterons, O-particles from reactions on carbon, and proton
escapes. The relative count rate is given on each contour level.
Two lines indicating the boundaries for the bin corresponding to

neutron center-of-mass scattering angle egm = 130° ¢ 5° are
indicated.
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S-spectrum using the procedures described in Sec. 5.2
!

5.3. 2/ - Determination of angle bin boundaries |

The bin boundaries are defined by referring to the pulse height versus energy
(L vs Ed) data and anisotropy data (Al vs Ed) for the deuterated crystal
(Chap.IV). From the calibration experiments described in Sec. 4.5, loci in
the LS-plane, of the edges F (Fig. 4.6a) and F' (Fig. 4.7a), are defined for
different deuteron energies. These are the loci of the (L,S) points for

deuterons moving parallel to the ¢'-axis and b-axis of the crystal, respectively.

The calibrations of Lvs E_. and &A_ vs E

3 L 3 together with L vs E_ data from the

d

literature, enable the deuteron energy scales along each of these loci to be
defined. This is illustrated schematically in Fig. 5.8 where the loci F and
F' are presented, superimposed upon a few of the contours reproduced'frdm

Fig. 5.7. Now the boundary corresponding to neutron centre-of-mass scattering

given by Eq. 5.2

c .
angle sz is also the locus of a constant deuteron energy Ed

- and will therefore intersect the F and F' loci at this energy on each of their
respective scales. Thus each bin boundary may be defined as the straight line

intersecting these loci at the appropriate energy Ed.

The method of projection is illustrated schematically in Fig. 5.9, in which
the square grid rep;esents a section of the LS data matrix; the bin boundaries
are fepresented by the lines aa and bb and sections of the loci F and F' are
indicated. The lines aa and bb are each di&ided into twenty equal parts and
corresponding subdivisions are joined as shown in the figure. This is con-
tinued with the same dividing intervals on either side of the loci F and F'..
The elements of the projected spectrum are now defined by the resulting sub-
division of the angle bin. For the example shown in Fig. 5.9, for instance,
the events in eleﬁent (i,3) of the LS data matrxix will be distributed between
elements n and (n + 1) of the projected spectrum in the ratio of the shaded
and unshaded areés of square (i,j). The events within the aabb region of

the anglé bin are thus redistributed among a set of 20 elements or sectors of
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.Method for determining angle bin boundaries.

The loci F and F' are superimposed upon some of the contours
reprpduced from Fig. 5.7. The deuteron energy scale along each .
locus is given. The boundary corresponding to Ggm intersects
both the F and F' locus at the same deuteron energy, and makes an

angle ) relative to the L-axis (see text).
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Fig. 5.9 Schematic illustration of method used for redistribution of

events within an angle bin.

A typical angle bin defined by the lines aa and bb is sub— :
divided into 20 equal sectors between the loci F and F'. The
square grid répresents the elements of the LS data matrix. The
events in element (i,j) of this matrix are distributed between

elements n and (n + 1) of the projected spectrum (see Sec. 5.3.2).
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the projected spectrum. The remaining events within the bin are similarly

{
redisFributed among further channels on either side of this set of 20 sectors.
5.3.3 Determination of the proton fraction fp

The proton fraction fp is determined from the LS—sPectrﬁm (Figs. 4.6a and

4;7a) recorded at the Lmax or ¢'-orientation of the crystal, at which the pro-
ton and deuteron ridges are well resolved. It is assumed that the anisotropy
properties of deuterated anthracene for protons will be similar to those for
deuterons, that is, if any pair of bin boundaries are taken which extend across
the LS-plane and if a-proton of energy Ep lying between these boundaries is
considered, then the locus forrprotons of this energy will also be a line lying
between-these boundaries. The relative number of pfotons and deuterons ih this
angle bin will therefore be indepeﬁdent of crystal orientation. For a given
angle bin,~therefore,=the-proton-fraction'fp‘canpbesestrmatedfby-projecting

the corresponding segment of the pS-spectrum obtained at the ¢'-orientation
(see Fig. 5.5a) onto the S-axis and determining the fraction of events in the

(well resolved) proton group of the projected spectrum.

5.4 Limitations and corrections

Inlpractice the determination of the asymmetry must obviously differ in some
_respécts from the procedures outlined in Secs. 5.2 and 5.3, since the practi-
cal situation differs from the ideal situation described in those sections.

The practical situation may be complicated by effects such as: stability of
electronicé; mechanical misalignment or asymmetries in the apparatus; multiple
scattering of neutrons in the crystal; escape of protons or deuterons from
_ the crystal; proton, deuteron, or alpha events from neutron-induced reactions
on carbon in the crystal; and the finite resolution of the L and S measure-
ments. ~ The limitations imposed by each of these effects must be assessed, and
the errors afising from the effects must be considered, and whenever possiblé,

be corrected or at least minimized.



86

5.4.1  Electronic stability and mechanical symmetry
f

The s%ability of the L and S electronics is obviously of crucial importance
to the dperation of the deuterated anthracene polarimeter since both the angle
and the asymmetry measurements depend on the LS-spectrum. However, the 'edge'
-~ of the deuteron ridge (F in Fig. 4.6a) provides a convenient monitor of the
stability of both the L- and S-channels. Since this edge corresponds to
forward recoil deuterons, the associated (L,S) co-ordinate may be assumed to
be independent of rotations about the neutron beam or §-axis (see Fig. 5.2).
In other words, for runs at the polarization'orientation, thevposition of the
edge should be stable‘from run to run, even when changing from the A position
to the B position. Therefore, any movement of the edge (for 'polarization'
runs) may be taken as evidence of electronic instability or of mechaﬁical

misalignment of the apparatus.

Thé stability of the L-channel is monitored by projecting the deuteron ridge
onto the L-axis. The slope of the edge in the projécted L-spectrum is a measure
of the short-term L-stability and the position of the edge is a measure Qf the
long~term L-stability. The stability of the S—chanﬁel is monitored by project-
ing the edge row (that is, the row corresponding to the édge in the projected
L~-spectrum) onto the S—axis. The width and position of the deuteron group in
thisAprojected spectrum are then sensitive to short-term and long-term in-
stability respectively, in the S-channel, and also to the mechanical symmetry
of the apparatus; for example, the symmetry of rotation about the §-axis.

After ﬁonitoriné the L- and S—stability in this way, electronic driftg and
mechanical asymmetries may, if small (less than about 3%), be neutralized by
redispersing the LS-spectrum with respect to the appropriate unstable para-
meter L or S. One LS-spectrum of a set is taken as standard and the counts

in the remaining spectra are redistributed in order to match the deuteron edge
and the position of the deuteron group in the projected edge row with those of

the standard. The procedures used are similar to those described in reference
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(Br74b).

f
5.4.2( Multiple scattering of neutrons
The mean frge paths of 7.9, 16.4 and 21.6 MeV neutrons in deuterated anthracene
are 5.1, 7.4, and 7.9 cm, respectively. Since the linear dimensions of the
crystal used are much smaller than these figures, the multiple neutron scatter-

ing in this crystal can be safely neglected.

The lucite light-pipe used in conjunction with the crystal (see Fig. 4.1) is
also a possible source of seconddry scattered neutrons. However, the linear
dimensions of the pipé are also small compared to the neutron mean free paths,
and moreover, the pipe is so positioned that only a small fraction of neutrons

scattered within it will be directed towards the crystal.
5.4.3 Escape of deuterons from the crystal

Since the ranges of deuterons in deuterated anthracene vary from 0.4 to 2.1 mm
for deuteron energies of 8 to 22 MeV, deuteron escape from the preseﬁt crystal
is a significant effect, especially when using high energy incident neutrons.
As in the case of the natural anthracene polarimeter (Jo74), the pulse height
and PSD responses are affected in such a way that the escaping deuterons are
displaéed towards lower L- and lower S-values in the LS%spectrum. Escape is
more probable for deuterons moving parallel to the ¢'-axis than for those
moving parallel to the b-axis, because the dimensions of the crystal in these
directions are 10 mm and 20 mm, respectively. Therefore, the effect is larger
for the N_ component (corresponding to the c'-direction) than for the Ny
component. The lower bound for the calculation of N< can be chosen to exclude
the escape component, thereby reducing AN as well. However, the effects on
ANA and ANB should neutralize one another whén these two quantities are sub-

tracted in Eg. 5.4. Deuteron escape does not affect the numerator of Eq. 5.6,



88

theregore, and does not lead to false asymmetries, although it may enhance
the Qbserved asymmetry slightly by reducing the denéminator of this equation.
The extent of.this enhancement can be estimated from the LS-spectrum observed
at the Lmax orientation (e.g., Fig. 4.7a). Escaping proton events may be
distinguished in this spectrum, hence the extent of deuteron escape can be

estimated and a correction applied if necessary.
5.4.4  Reactions on the carbon component of the crystal

The alpha ridge corresponding to the _Iz,é(n,OL) °Be and .12C(n,n')30L' reactions is
a prominent feature of the LS-spectra (e.g., Figs. 4.7 and 5.7) obtained using
the deﬁterated crystal. In.addition to_this, the carbon component of the cry-
stal contributes events to the deuteron and prdton ridges, Viavthe‘lzc(n,p)lzB
and.12C(n,np)11B'and.12C(n,d)11B reéctions. The alphas from the carbon com-
ponent are well resolved from the recoil deuterons down to fairly low puise
heights (e.g., L = 10 in Fig. 5.7) and do not therefore interfere with the
asymmetry measurements for neutron center-of-mass scattering angles of 80o or
higher. The cross-sections for the other reactions on the carbon component
are relatively small and the protons and deuﬁerons from these reactions are
alsq confined to low puise heights owing to the large negative Q-values

(Q<-12 MeV) for these reacﬁions. Therefore the proton and deuteron ridges
of.the LS-spectrum above L = 12 are attributed entirely to reactions on the
deuterium component of the crystal and the only effect of the carbonvcomponent
is to limit the asymmetry measurements to scattering angles in the range

sz > 80°.

5.4.5 Resolution of LS-spectra

The fact that the L and S pafameters are determined with finite resolution has
two important consequences. Firstly, the angles corresponding to.the angle

bin boundaries defined in the LS~plane have an associated angular spread.
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Secondly, within a given angle bin the N< and N> components (Fig. 5.4a) may
{ ) . B

] v
overlap to such a degree as to affect the observed asymmetry.

Angular resolution.-- Consider initially the bin boundaries for forward re-

cm % 1300) from high energy (e.g., 21.6 MeV) incident

coil';ngles (i.e., B
neutrons. Since ﬁhese boundaries run almost normal to the L-axis the asso-
ciated angular uncertainty Aezm will be dominated by the uncertainty, AL,

of fhe-pulse height L and will be much less sensitive to the uncertainty of
the PSD output S. The-uncertainty AL may be converted into a deuteron energy

uncertainty AEd using the pulse height-energy data, L vs E_ (Bi67), and

d
Y may then be obtained by differentiating Eg. 5.2, which gives
2 : ;

A
' 2

208, / [Ed(Oo)sinezm ] ..{Eq..5.7
where Ed(Oo) is, as before, the energy.of forward recoil (8= Oo) deuterons.
Aﬁgle bin boundaries for larger recoil angles (i.e., ezm §100°) and lower
incident neutron energies make more acute angles witﬁ the L-axis. Therefore,
the uncertainty AS will also contribute to the uncertainty Aezm. This is
taken into account by defining an assqciated, or effective,'L uncertainty.

AL* = As (tany) where Y is the angle between the bin boundary and the L-axis

(see Fig. 5.9) and using the total L uncertainty ALtot given by

e

AL = (AL? + AL'2) ...Eq.5.8

tot

to determine AEd.

The uncertainty A°™ is thus determined from the intrisic uncertainties AL
: 2
and AS, of the L and S measurements and these, in turn, are determined from
the edge and width of the deuteron ridge as observed at the Lmax—orientation.
. cm . cm o . :
The results, showing A8 as a function of 6 for incident energies 7.9, 16.4,
: 5 2 A
and 21.6 MeV, respectively, are given in Fig. 5.10. These values serve as a

~guide in choosing the bin width to be used in the asymmetry calculation.
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Fig. 5.10

Angular resolution of deuterated anthracene polarimeter.

. <m .
The uncertainty A8, of the neutron center-of-mass scattering

'angle egm, as determined by the deuterated anthracene crystal

polarimeter, is plotted as a function of egm for the incident

.neutron energies 7.9, 16.4, and 21.6 MeV.

I180°
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Obvious criteria for this choice are that the bin width should be >2 Aecm

2
and y%t be as small as possible in order *to resolve the angular dependence of
Pz(ezm) as faithfully as possible. On the basis of the information in Fig.

5.10 a bin width of 10° c.m. was chosen (e.qg., 2" = 50).
‘ 2

Resolution of the €(0) measurement.-- To deterﬁine the effect of LS resolution
on the asymmétry measurement, consider the 'true' lower and upper components
represented by the cashed curves in Fig. 5.4a and let their integrals be

M<land M>, respectively. Suppose that the deﬁteron—median Sm defines a
fraction.f< of M, on the low-S side and a fraction f> of M>'on the high-S

side. Then since.N< and N> are defined as the total céunts below and above

Sm respectively (see Fig. 5.4b),

N,o= fM 4+ (1 - f>)M> | ' _ .--Eq.5.%

N> |

f>M.>j" (1 -'f<).M< . ] v 5.9bv.
The observed asymmetry defined by Egq. 5.3, that is,

Cobs = (m/2) (N, - N>)/<N< +’N>)' A | | ...Eq.5.3"

is then given by’

€ ps = [g(f<m< - f>M?).- (M< - M>)] /(M< - M>-)T ...Eq.5.10

If £°% f.,as will be the case for small asymmetries, and if an averaée

£=(1/2)(f_  + £,) is defined, then Eq. 5.10 reduces to.

Cops = (2F ~ DM = M)/ (M + M) A ...Eg.5.11.

Then, since the true asymmetry €true is given’ by

Ctrue ~ (ﬂ/z)(M< - M>)((M< + M>). : ...Eq.5.12

it follows that

= / - 1). ' ...Eq.5.13
E:true eobs/(zf 1 4
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The asymmetry resolution correction factor fA defined as the ratio of true

to ob%erved asymmetry is therefore

£, = 1/ (2f - 1) ‘ ...Eq.5.14

and it is determined by measuring the fraction f£. In estimating f the fact
that only a fraction of the events corresponding to the components M< ande>
contribute to the asymmetry € must be taken into account. The expression for

‘M<, for example, is, from (Br74b)

U@
-Eé

M = [kO(e)/Zﬂ] ‘

3 [1 re (ed)coscp] a¢ ...Eq. 5.15

so that the asymmetry term, which contains cos$ as a-multiplicative factor,
will be small for deuteron recoils at(ﬁélfgooor —900, that is, for recoils
~giving S Q Sm. The region of ﬁ< whiqh is sensitive tq € is therefore that

at sméll S and the fraction f< must be estimated for this portion. Similarly
f> must be estimated for the high-S portion of M. Therefore, £ is esfimated
(see Fig. 5.5d) for each angle bin by taking a 'standard' Gaussian and matching
the point of inflection on the high-S side of this distribution to that on.the
high-sS side of the projected spectrum.(Eig. 5.5b), and determining the fraction
of the 'standard' Gaussian in the region S > Sm. The standard Gaussian, which
represents the intrinsic resolution for the asymmetry measurement is determined
from the projected ;pectrum for the same bin, by fitting the deuteron component

observed at the Lmax—orientation (Fig. 5.5a).

The correction factor fA is significant for measurements at forward rgcoil
angles, that is, for neutron.scattering avngles‘G;:m épproaching 1800, because
the directional difference between left and ri§h£ scatterings is small at these
angles, and at low recoil deuteron energies because the directional resolving

power R (see Table 4.1) is smaller at low energies.

5.5 Uncertainties

The total uncertainty AP (ecm) of the final polarization measurement can be
2.2
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regarded as the sum of three components
. A

/ cm -1 f cm, 72 2 em,, P4
ose (6 = M@yl o+ (e ) 4+ |P A
/ 22 ) ' 1 | ( 2 ) ( sys) Az(ez ) Px ... Eg.5.16
where P1 is the polarization of the incident neutron beam, AP is the
1
uncertainty of Pp and Aasys and AE(Ggm) are estimates of the systematic and
statistical uncertainties of the asymmetry measurement. The statistical un-
certainty is given by

; Af V2 ' X
m ' v 1_ N A vy 2 1y 2
ANA|+ |ANB1 + + - (A1) 2+ (AND)

cm
fe(e,) W - £

... Eg. 5.17

where'ANA and ANé ~are given by

! = -
wy o=, - £N ...Eq. 5.18a
/ t —1 —-—
ANB A ANB prB 5.18b
the uncertainty Afé of the proton fraction is given by
% .
A = £ (1 +£f)/N ...Eg. 5.19
p b b b .

and Np represents the number of protons in the projected spectrum (Fig. 5.5a)

from which fp is determined.

The justification for Eq.517 is similar to that given for the corresponding
egquation in (Br74b) and rests on the fact that every recoil deuteron is detected
and assigned to either-N< or N>-component. The quantities ANA and ANé ‘may be
regarded as primary observations, since each event either increments AN’

by (1 - fp) or decrements AN' by (1 + fp) and the numerator of Eg. 5.6 is
insensitive to errors in fp provided the A and B runs are normalized so that

N = N_. The uncertainty of fp contributes to AE(Gjm) through the final

A B
terms of Eq. 5.17, which arise from the denominator of Eq. 5.6. It will be
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noted that Eq. 5.17 reduces to the corresponding Eq. (12) from reference

(Br74b) if £ = O.

A number of methods may be used to test the sensitivity to systematic

errors and to estimate the magnitude of the systematic uncertainty Aesys

in Eq. 5.17. The asymmetry e(sz) may be measured for an unpolarized incident
neutron beam (e.g., by using é = Oo), or 'A' and 'B' runs may be made at the
'null' orientations § = Oo and 1800, or two A runs at different orientations,
e.g., ( Z, §) and (2,6 + 1800), may be analyzed as an AB pair. All of these
tests shoﬁld lead to pull results apd Aesys may bé estimated from the extent
to which this is in fact observed to be the case. In addition, the sen-
sitivity of the asymmetry calculation tp the choice of the deuteron median

Sm may be tested in order to estimate how this may contribute to.Aesys.
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i CHAPTER VI

|

6.1 '/ Neutron beams

6.1.1  Neutron productton

The n-d polarization measurements were made by using the T(d,n) *He reaction
for 21.6 and 16.4 MeV neutrons, and the °Be(a,n))2C reaction for 7.9 MeV
neutrons. For the T(d,n)”He reaction, the neutron polarizations are well
known (Wa64) {(Bub7a) (Mu7l) for incident deuteron energies below 20 MeV.

A polarization map for this reaction given by Walter (Wa7l) is shown in
Fig. 6.1, where the neutron polarization is plotted as a function of the

incident deuteron energy E. and neutron reaction angle 6} both in the lab.

d
system. For the Be(a,n)!2C reaction, the neutron polarization was taken
from Stammbach, et al. (St70). The poiarization map for the ground state

‘group in this reaction is shown in Fig. 6.2, and is taken from (St70).

The values for the neutron beam polarizations, P; (), used in this work,
were taken from the reference (Wa71l) for 21.6 and 16.4 MeV, and from the
reference (St70) for 7.9 MeV, and are included in the tabulations of Secs.

6.2, 6.3 and 6.4.
6.1.2 Neutren time-of-flight

The times-of-flight for both the T(d,n)”He and 9Be(u,n)lzc reactions were
monitored throughout this work. The flight path for the experiment was 0.5 m,
and Fig. 6.3 illustrates typical time-of-flight spectra taken at this path
length. Fig. 6.3a contains an ungated time-of-flight spectruﬁvshowing-the-
prompt-y-ray peak, the ground state neutron group, and the first-excited
state group. Time~of~flight gating was used to select the ground state
neutron group (7.9 Mev) as indicated in the upper curve of the figure.

Fig. 6.3b contains an ungated time-of-flight spectrum taken at 21.6 MeV.

The prompt-y-ray peak is observed, as also the primary neutron peak.
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Contour map of the polarization from the T(d,n) reaction (Wa71).

Fig. 6.1

The polarization of neutrons obtained from the T(d,n) reaction
is plotted as a function of incident deuteron energy Ed and

neutron reaction angle 8§, both in the lab system. Polarizations

are given in percentage.



97

70 |~

60 |-

o .
S -
i

8(LAB) in DEGREES -
3
i

o
©
!

201~

'Be(a,mf'c

| ) | l | 1 )

10

22 2:4 2-6 28
MEAN Q-ENERGY (MeV)

Contour map of the polarization from the 9Be(q,n) reaction (St70).

The polarization of neutrons obtained from the 9Be(q,n) reaction
is plotted as a function of incident g-particle energy Ea and

neutron reaction angle §, both in the lab system. Polarizations

are given in percentage.
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Fig. 6.3a Time—of—flight spectrum for 7.9 MeV neutrons from the 9Be(q,n)!2cC
reaction at a flight path of 0.5 m.
The lower curve is the ungated spectrum containing the prompt-y-
peak; the ground state neutron group (7.9 MeV), and the first--
excited state neutron group (3.4 MeV). The upper curve is the
gated spectrum selecting the ground state group only.
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Fig. 6.3b Time-of-flight spectrum for 21.6 MeV neutrons from the T(d,n)"“He

-yeaction at a flight path of 0.5 m.

The lower curve is the ungated spectrum containing the prompt-y-
peak and the primary neutron group (21.6 MeV). The upper curve -

is the gated spectrum which selected the primary neutron group.
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Again, time-of-flight gating was used to select the neutron group (21.6 MeV)
" and is indicated by the upper curve in the figure. The time scale is

indicated in each figure.

6.2 Measurements at 21.6 MeV

6.2.1 Procedure

~Before the final data were collected on whicﬁ the polarization values for

21.6 MeV were based, a preliminary set of data were acquired in order to check
both the crystal with light-pipe configuration, and the rotational accuracy

of the goniometer used by Jones (Jo72) for the natural anthracene polarimeter.
Based on these preliminary results, and due to slight modifications;in,experi—
mental design,. it was decided to constrqct a new goniometer (featured in

Fig. 5.2) which gave a superior rotational accuracy for the deuterated anthra-

cene polarimeter.

In the final experiments at 21.6 MeV,several types of runs were made, and are
summarised in Table 6.1. Calibration runs were taken at the beginning and
the end of the data collection. Isometric displays of the calibrations at
this energy are given in Figs. 4.6a and 4;6b, and their corresponding contour
plots in Figs. 4.7a and 4.7b (see Sec. 4.5 of Chapter IV). Two types of null
runs {(see Sec. 5.5) were performed, a zero null check (ZN), and an up-down
null check (UDN) for & = 60/1800. The null checks will be discussed in

Sec. 6.2.2 below. Three sets of polarization runs, containing four or five
"A/B ruhs (defined in Sec. 5.1).were accunmulated.  The isometric display of a
typical polérization run is given in Fig. 5.6, and its contour plot in Fig.
5.7 {(see Chap. V). The data were acguired on an oﬂ-line PDP 15 data acgui-

sition system and stored on magnetic tape for off-line analysis.
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TABLE 6.1
SUMMARY OF RUNS AT 21.6 MeV
Run No. Type (deg) § (deg) Remarks
(Octal) YP C g eg
B(deq)

3001 L 20 S0 90 Calibrations

max
3002 L . 20 a0 - 0

min
3025 L . -20 90 0
. min
3026 L -20 0 0

max
3027 5L -20 °16] 90

max
3000 T - - time~of-flight
3007 ZN 0 90 Null set
3010 ZN 0 270
3017 UDN -20 0]
3020 UDN -20. 180
3003 A 20 90 Polarization set
3004 B 20 270
3005 A -20 270
3006 B -20 90
3011 B 20 270 Polarization set
3012 A 20 Q0
3013 A 20 90
3014 B 20 270
3015 A -20 270 Polarization set
3016 B -20 20
3021 A 20 a0
3022 B 20 270
3024 B -20 90
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" During the data analysis, small L and é drifts for all spectra were
neutralized upon read-in as described in Sec. 5.4.4. This was accomplished
by choosing one run of each polarization set (e.g., Run 3003 of the first
polarization sét in Table 6.1) and shifting the other runs within the set to
match up with it. Then, within each set, all A runs were summed and called
'‘A', and all-B runs were summed and called 'B'. The (uncorrected) polariza-
tion was then calculated dsing the 'A' and 'B' of each polarization set,

according to the method outlined in Sec. 5.2.1.

6.2.2 Results

The n~d polarization results at 21.6 MeV.are tabulated in Table 6.2.

The data were analyzed in angle bins of width 10o center-of-mass scattering
angle (see Sec. 5.3.2) from_90O to 160°.  columns 2, 3 and 4 of Tabie 6.2
give the (uncorrected) polarization results for each of the three polarization
sets, <P> is fhe average (uncorrected) polarization for all three sets, fA is
the asymmetry correction factor (see Sec. 5.4.5), and the final column which
is the corrected polarization} is obtained by multiplying the average (uncor¥
rected) polarization by the asymmetry factor. The corrected polarization at
21.6 MeV is plotted as a function of center-of-mass scattering angle in Fig.
6.4a. The results of some null asymmetry runs at 21.6 MeV are also given as
a function of center-of-mass scattering angle in Fig. 6.4b. Three examples
are shown: (i) the (2ZN) null (t = Oo) showing the null asymmetry observea
.(runs 3007/10) using an unpolarized incident beam; (ii) the up-down null (UDN)
based on runs 3017/20 in which the pdlarimeter was rotated 90o (about the beamn)
from its normal position and therefore measured the null asymmetry of recoils |
above and below the plane of the source reaction; ahd, (iii) an ‘'alternating’

null. The ‘alternating' null was formed as follows:
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TABLE 6.2

RESULTS AT 21.6 MeVv

E_=21.6 MeV P (8) = 0.21 £0.01 |s] = 20°

cm :

82 Py (uncorrected) <p> fA Py

3003/04 3011/12 3015/16

/05/06 /13/14  |/21/22/24

90 - .005 .000 -.013 -.003 1.0t | -.003
+.011 +.014 +,007 +,005 +.017

100 | - -.052 -.063 -.076 -.064 1.00 |-.064
+.009 +.010 +.022 +.005 +.017

110 -.102 -.116 ~-.133 -.117 1.00 | -.117
+.023 +.025 +.027 +.014 +.021

120 .027 .019 .024 .023 1.00 .023
+.011 +.034 +.038 +,010 +.019

130 .125 L1111 .130 .122 1.02 .124
+.021 +.048 +.050 +.018 +.024

140 .181 .145 .152 .159 1.07 .170
+,016 +.036 +,038 +,014 +.021

150 .105 .074 .119 .099 1.12 L1111
+.025 +.036 +,039 +.018 +.024

160 .046 .054 .062 .054 1.40 .076

+.014 +.026 +.030 +.011 +.019
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- Fig. 6.4a Results of n-d polarization heasurements at 21.6 Mev.
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‘gjg. 6.4b Results of null asymmetry measurements at 21.6 MeV.

Squares show (ZN) data (runs 3007/10), circles show (UDN) data

(runs 3017/20), triangles show 'alternating'.null set (runs
3003/04/05/06)

(see text). All data are at multiples of 10°

'egm but squares and triangles have been displaced # 2° to

improve clarity of diagram.
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The iuns 3003, 3004, 3005 and 3006, taken at for different combinations of

L and § (see Table 6.1)erre first normalized to the same incident neutron
flux. Runs.3003 and 3004 were treated as A and B runs, respectively, as
stated in fhe table.. However, for the null check, runs 3005 and 3006 were
'alternated', that is, treated as B and A runs; respectively, instead of

A and B runs. The resultant null asymmetry is therefore the average of that
which‘would_be observed for an A-A pair (3003 and 30055 and a B-B pair

(3004 and 3006).

The null asymmetry values shown in Fig. 6.4b were used to determine a value
for the systematic uncértainty Aséys (Eq. 5.16) component of the final
uncertainty APZ in .-the final column ofvTable 6.2. A value of Aesys = 0.0035
calculated as the root mean square of all the measure@ents shown in Fig.A6.4b

was used.
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6.3 Measurements at 16.4 Mev

- 6.8.1  Procedure

As in the case for 21.6 MeV, there were preliminary data taken for 16.4 MeV.
The accuracy of the goniometer was assured, and the experimental alignment
was verified for the more backward (lab) angle of 80° at which the 16.4 Mev

data were accumulated.

For the.final experiments at 16.4 MeV, the types of rﬁns made are summarized
in Table 6.3. The calibration runs were taken at the beginning and the end
of the experiment, and also periodically during the running. Isometric
displays of the calibrations at 16.4 MeV are shown in Figs. 6.5a and 6.5b.
Fig. 6.5a is the LS-spectrum for 16.4 MeV neutrons directed parallel to the

\ ¢'-axis, and therefdre the Lmax—orientation, and Fig. 6.5b is the LS-spectrum
for 16.4 MeV neutrons directed parallel to the b-axis of the crystal, and
.thereforelthe Lmin—orientation. .The symbols on the figﬁres have the same
meaning as in Fig. 4.6, Sec. 4.5. Throughout this series a digital_offset
was uéed on the ADC processing the S-parameter. The bffset was adjusted to
‘exclude the Compton electron ridge from the regibn of interest of the LS~
spectrum, thereby reducing the count rate processed by the analyzing system.‘

This explains why no Compton ridge is seen in Figs. 6.5a and 6.5b.

The null checks performed gt this energy were up-down nulls similar to those

6f type (ii) described in Sec. 6.2.2 above. Three séts of polarization runs
containing an A and a B run were acquired. A fourth set of polarization runs
.was reﬁected, since the drifts of the spectra fell outside the narrow tolerance

applied to all polarization sets (see Sec. 5.5).
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TABLE 6.3
SUMMARY OF RUNS AT 16.4 Mev
Run no. Type § (deg) | 6§ (deq) . Remarks
B (deg)
1645 L . 80 270 0 Calibrations
_ min
1646 I 80 270 90
max
1651 L, 80 270 0
min
1652 L 80 270 90
max -
1657 L 80 270 0
min-
1658 L 80 270 a0
max
1667 L . 80 270 0
min
1668 L 80 270 0
max
1669 L1, 80 270 Q0
max
1600 T —_ -- Time-of-flight
1649 UDN 80 180 Null set -
1650 UDN 80 0
1655 UDN ~80 0
1656 UDN -80 180
1661 UDN -80 0 Null set
1662 UDN -80 180
1663 UDN 80 180
1664 UDN 80 0
1647 80 270 Polarization set
1648 A 80 90
1653 A -80 270 Polarization set
1654 -80 a0
1659 A -80 270 Polarization set
1660 -80 =10]
1661 80 90 Rejects’
1662 80 270
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./;/\/:bg

Fig. 6.5a LS-spectrum for 16.4 MeV neutrons directed para;lel to the

c'-axis of the deuterated anthracene crystal (maximum-L orientation).

. The ridges are due to breakup protons (P) and recoil deuterons (D).

The vertical scale is arbitrarily cut off at 500 counts.

- Fig. 6.5b LS-spectrum for 16.4 MeV neutrons directed parallel to the b-axis

of the deuterated anthracene crystal (minimum-L orientation).

The ridges are due to breakup protons (dispersed) (P) and recoil
deuterons (D). The vertical scale is-arbitrarily cut off at

500 counts.
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The isometric display of a 16.4 MeV polarization run is illustrated in Fig. 6.6.
. This figure demonstrates the versatility of the PDP 15 data acquisition system.
' The data were accumulated in buffer mode at the same dispersion as shown for
the calibration runs in Fig. 6.5. The dispersion was doubled when the buffer
tape was scanned, so that the region corresponding to the lower half of the

S-scale in Fig. 6.5 was spread over the full S~scale in Fig. 6.6.

During the analysis, the small L and S drifts in the runs were neutralized as
for the 21.6 MeV data, and (uncorrected) polarization values were calculated

from the A and B runs of each set.

6.3.2 Results

The n-d polarization results at 16.4 MeV are tabulated in Table 6.4. The
symbols in the table have the same meaning as in Table 6.2 described in

Sec. 6.2.2, The corrected .polarization at 16.4 MevV, listed in the final
column, is plotted as a function of center-of-mass scattering angle in

Fig. 6.7a. The results of the null asymmetry runs at 16.4 MeV are plotted
as a function of the center-of-mass scattering angle for two sets of data in
Fig. 6.7b. A value of Aesys = 0.0021 for the 16.4 MeV data was obtained

from these measurements using the same methods as for the 21.6 MeV results.

6.4 Measurements at 7.9 MeVv

6.4.1  Procedure

Several short, preliminary experiments were performed at 7.9 MeV since this
incident energy is convenient in the respect that the spectra are uncomplicated
by the breakup protons present in the 21.6 and 16.4 MeV data. . This early
work played a major rble in determining the optimum iight—pipe design described

in Chap. IV.



109

Fig. 6.6 LS-spectrum for 16.4 MeV neutrons in the direction (8,¢) = (900,400)

in the be’-plane (polarization orientation).

The ridges are due to breakup protons (P) and recoil deuterons (D).
The S-dispersion is doubled so that the region corresponding to
the lower half of the S-scale in Fig. 6.5 is sprééd over the full
S-scale in this figure. The counts (vertical) scale in'thiS'plot

is arbitrarily truncated at 500 counts.
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" TABLE 6.4

n-d POLARIZATION RESULTS AT 15.4 MeV

E_=16.4 MeV Py (8) = 0.46 #0.02 - |s] = 80°

cm

85 P, (uncorrected) <p> fA Py

1647/48 1653/54 1659/60

90 .020 .057 .027: .035 1.02 .035
+.008 *.007 +.007 +.011 +.012

100 .002 .024 -.023 .000 1.02 .000
*.009 +.008 +.011 +.013 -+.014

110 .048 .058 .006 .037 1.03 | .038
+.013 +.018 +.014 t.011 *+.018

120 .100 112 .061 .091 1.04 .095
+.029 +.027 *.017 £.015 +.017

130 174 .131 .161 .155 1.10 171
+.026 *.029 t.016 +.014 +.017

140 .139 .155 .1e61 .152 1.15 .174
+.024 *.024 +.023 +.014 +.017

150 .106 .097 .081 .095 1.21 .114
*.013 ¥.012 £.012 *.007 +.009

160 . 057 .057 .029 .048 1.43 .068
*.024 *.023 *.019 *.013 +.014




111 -

20 T " T T T T T ¥ T % L ¥
=10 - +
z : +
2 | |
-
o o
s b %
o
5 ,
g o ?
Bl T T 110 130 160 170
| o ~ C-M. ANGLE (DEG)
Fig. 6.7a Résults of n-d polarization measurements at 16.4 MeV.
20
| ]
= 10}
-
W i
£, T WU
N i ] ;
> ¢. é? 2 ? ‘é
5
E._l.o.
245 70 30 1.0 130 160 170

Fig. 6.7b

C.M. ANGLE (DEG)

Results of the two sets of null asymmetry measurements listed

in Table 6.3.
Circles are set 1 (runs 1649/50/55/56).

(runs 1661/62/63/64).

Triangles are set 2
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.For the final experiments at 7.9 MeV, the types of runs made are summariged

" in Table 6.5. Calibration runs were taken at the beginning and the end of

the experiment, and periodically throughout. In addition, a digitalvoffset
was used to exclude the Compton electon ridge as was done at 16.4 MeV.

Figs. 6.8a and 6.8b are isometric displays of runs made at the Lmax—orientation,
and Lmin—orientation, respectively (see Sec. 6.3.1), for . 7.9 MeV neutrons.

The various fypes of time—of—flight calibrations are indicated in the table.-
The null runs are of the up-down type (see Sec. 6.2.2) similar to those used
for both the 21.6 and 16.4 MeV experiments. Four polarization sets including

an A run and a B run were accumulated at 7.9 MeV.

Fig. 6.9 is the isometric display of a typical polarization run for 7.9 Mev
neutrons. - In these isometric figures for 7.9 MeV, it is observed that there

is no complication due to breakup protons.

Again, the small drifts in L and S were neutralized upon read-in for each
polarization  set. The (uncorrected) polarization was calculated using the
A and B run for each set.

%

6.4.:2  Results

The n~d polarization results at 7.9 MeV afe tabulated in Table 6.6. The
symbols are defined in Sec. 6.2.2. The corrected polarization at'7.9 MeV
given in the last column of the tabie, is plotted as a function of center-of-
méss sgattering angle in Fig. 6.10a. The results from the up-down null
asymmetry runs at 7.9 MeV are plotted as a function of the center-of-mass
scattering angle for two sets of up-down null runs in Fig. 6.10b. A Value
of Assys = (0.0022 for the 7.9 MeV data was obtained from these measurements

using the same methods as for the 21.6 and 16.4 MeV data.



113

LS-spectrum for 7.9 MeV neutrons directed parallel to the e’-axis

Fig. 6.8a
of the deuterated anthracene crystal (maximum-L oriéntation).
The ridges are due to Compton electrons (C) and recoil deuterons: (D).
The vertical scale is truncated at 500 counts. '
C
D
. : S ,
. /L :-:l
pe
a
n\\\ - —— S
. b ) " C
Fig. 6.8b LS-spectrum for 7.9 MeV neutrons directed parallel to the b-axis

of the deuterated anthracene crystal (minimum-L orientation).

The ;idges are due to Compton electrons (C) and recoil deuterons

The ‘vertical scale is. truncated at 500 counts.'

(D).
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“Fig. 6.9 LS-spectrum for 7.8 MeV neutrons in the direction (08,¢) = (900,400)

" in the be'-plane (polarization orientation).
The ridges are due to Compton electrons (C) and recoil deuterons (D).
‘The deuteron ridge is seen to be broadened relative to that in

Eig..6.8a. The vertical scale is truncated at 500 counts.
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TABLE 6.5

SUMMARY OF RUNS AT 7.9 MeV

Run no. Type § (deg) | § (deqg) Remarks
‘ B (deg)
1804 L 40 90 90 Calibrations
max
1805 L, 40 90
min
1810 L . 40 270
min -
1811 L 40 270 20
, max
1812 L ., | -40 270 0
min
1813 L -40 270 0
: max
1822 L . 40 270 0
min
1823 L 40 270 90
max
1824 5L 40 270 a0
max
1800 T - - ‘Time-of-flight
1801 T - - Time-of-flight, at %L
max
1802 T - - Time~of~-flight, bitten
1803 T - - Time-of-flight, 20ns out
1829 T - - Time~of-flight,
1830 T - - Time-of-flight, 20ns out
1831 T —_ - Time-of-flight, at %L
_ max
1808 UDN 40 0 Null set
1809 UDN 40 180
1816 UDN -40 0
1817 UDN ~40 180
1818 UDN ~40 180 Null set
1819 UDN -40 0
1827 UDN 40 0
1828 UDN 40 180
1806 A 40 ' 90 Polarization set
1807 40 270
1814 A ~40 270 Polarization set
1815 -40 90
1820 -40 90 Polarization set.
1821 -40 270
1825 40 270 Polarization set
1826 a0 90
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TABLE 6.6

n-d . POLARIZATION RESULTS AT 7.9 Mev

E_ = 7.9 MeV Py (6) = 0.60 +0.02 |s| = 40°
cm. ' .
02 Py (uncorrected) <p> fA Py
1806/07 | 1814/15 |1820/21 |1825/26
100 .029 -.002 -.006 .031 .013 6.10 .079
+.007 +.005 +.005 +.007 | *.010 : +.063
110 .038 .023 .014 .040 .029 3.14 .091
+.008 +.006 +.005 +.003 | *.006 +.026
120 .047 .045 .037 .053 .046 2.51 .115
©+.010 +.007 *.007 +.005| +.003 +.025
130 .050 .049 .049 .058 .052 1.85 .096
+.006 +.004 +,004 '+.008 | #.002 +.020
140 .031 .032 .029 .035 .032 1.92 .061
+.010 +.006 +.006 +.006 | *.004 +.014
150 .013 .014 011 .016 .014 2.24 .031
' +.009 |  £.005| +.006| *.006| +.005 +.010
160 .007 .003 .002 .004 .004 3.47 .014
- *.014 +,009 +.011 +.011 | *.006 +.018
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Fig. 6.10a Results of n-d polarization measurements at 7.9 MeV.
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Fig. 6.10b Results of the two sets of null asymmetry measurements listed
in Table 6.5. '

Circles are set 1 (runs 1808/09/16/17). Triangles are set 2
(runs 1818/19/27/28). ' "
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A notable feature of the 7.9 MeV data is the fact that the asymmetry correction

factors!f, (see Table 6.6) are much larger than the corresponding factors for
-

the 21.6 and 16.4 MeV data (see Tables 6.2 and 6.4). This is a conseguence

A

of the fact that the directional resolving power R (see Table 4.1 and discussion
in Chap. IV) drops off with recoil deuteron energy. It is this factor which
sets the lower angle limit of egm = 100O for the measurements at 7.9 MeV.

For lower values of egm the recoil deuteron energy is too low (less than 4 MeV)
to resolve left and right recoils (R§ 1) at the polarization orientation of the

crystal.
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/ CHAPTER VII

'/ RESULTS AND CONCLUSIONS

7.1 Polarization data

The results froﬁ the polarization measurements for neutron-deuteron
scattering at 21.6, 16.4 and 7.9 MeV (Chap. VI) are reproduced and compared
to the previously available n-d data at or near the;e energies, and also
with p-d data, in Figs. 7.1, 7.2 and 7.3, respectively. Also shown in
these figures are theoretical values (solid curves) based on the work of
Pieper (Pi72b). Pieéér gave theoretically calculated curves at 2.0, 5.5,
10.0, 14.1, 22.7, 40.0 and 70.0 MeV. The solid curves shown in Figs. 7.1,
7.2, and 7.3 are compuﬁer interpolations of Pieper's curves and were made

using a spline-interpolation procedure.

The present data at 21.6 MeV (see Fig. 7.1) are consistent with the recent
measurements of Morris, et al.. (Mo74) at 21.1 MeV, and also confirm that the
negative dié observed between 6 = 80° - 120° is shallower than indicated by
the earlier n-d measurements of Malanify, et al. (Ma66) and Walter and
Kelsey (Wab3). The data also show the characteristié positive peak in the
polarization at backward angles (egm & 1350). However, the present data
are systeﬁatically lower than the recent n-d measurement of Morris, et «al.
{Mo74) at 130° (see Fig. 7.1) and than the trend of thehp—d data of Faivre,
et al. (Fa69) aﬁ 20.1 and 22.7 MeV, as shown by the dashed curve in Fig. 7.1.
This feature might perﬁaps be related to the limited angular resolution of
the present technique at large values of egm (see Fig. 4.8) coupled with

the fact that Pz(egm) appears to vary rapidly'at Ogm ~ 135°, These factors

would tend to lower the observed values of PZ(Ggm).
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The interpolated (solid) Curvé in Fig. 7.1, based on the theoretical
calcu}ation of Pieper, fits the experimental data-(p;d and n-d) reasonably
well at eﬁmé 90O and at egmg 1500; but is systematically higher than the
observed values at intermediate angles. The consistency of the different
sets of experimental data in this region suggests that the theoretical cal-

culation will need to be modified to remedy this discrepancy.

The data obtained at 16.4 MeV and shown in Fig. 7.2 are consistent with the
other data (p-d and n-d) shown in this figure. The present datum at egm = 130
is ‘lower than the value of Morris, et al. (Mo74) at this angle and incident
energy and lower than fhe value expected for the p-d polarization based on

the measurements of Faivre, et al. (Fa69) at an incident energy of 17.5 MeV.

As at 21.6 MeV, the angular resolution of the présent technique, together with
the rapid variation of polarization witﬂ angle could be partially responsible

‘for this discrepancy.

The interpolated theoretical curve for incident energy 16.4 MeV is in better
agreement with the experimental data (Fig. 7.2) than that for incident energy

21.6 Mev.

The data obtained at 7.9 MeV are also consistent with other measurements
(p-d and n-d) at or near this energy as shown in Fig. 7.3. The interpolated
theoretical curve for this energy fits the experimental data reasonably well

although it is systematically lower than experiment at eSm 5900, and syste-

matically higher than experiment in the region 12005 egm L 1500.

The general conclusions indicated by the n-d and p-d polarization data at

incident energies near 7.9, 16.4 and 21.6 MeV are therefore:
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/ (i) that there is no discrepancy between the n-d and p-d
./ polarization at these encrgies; and
(ii) that the theoretical calculations of Pieper, et al.

(Pi72b) reproduce the expérimental polarization values
reasonably well at incident energies in the range .
7-16 MeV but predict higher polarization values than

. cm, O T,
experiment at backward angles (6; %90 ) for higher
incident energies, e.g., in the neighborhood of

21.6 Mev.

Conclusion (i) stands in contradiction to the n-d data of Malanify, et al.

(Ma69) at 21.6 MeV, and rests on the recent measurements of Morris, ét_al.

{(Mo74) and on the present measurements at this energy. This conclusion also
‘implies that the comparison of p-d and n-d polarization values at these energies
provides no evidence of the.breaking of charge symmetry of nuclear forces.

In view of this conclusion if would be all the more interesting to obtain
further polarization in n-d scattering at still higher energies,.for example,

at 35 MeV where the measurements of Zamudio—Cfisti, et al. (2za73) have indicated

significant discrepancies between the n-d and p~-d polarization.

7.2 Improvements to the experiment

It is clear from the data shown in Figs. 7.1, 7.2 and 7.3 that a really
searching test of charge symmetry of the type considered here will require
considerably more accurate pélarization measurements and especially will
require improvéd techniques for the measurement of the n-d polarization.
In the present technique and in many polarizatién measurements the main
limitations of accuracy arise from systematic uncertainties rather than

statistical uncertainties. Spin precession solenoids are now widely used
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to avoid systematic errors arising from mechanical.rotations or the inter-
change;of left and right detectors. This method is éarticularly applicable-
to the more standard double scattering experiments in which such an inter-
change'of detectors is requiréd. In the present method, however, the
advantages of a sdlenoid would probably be marginal since the mechanical
rotation of the small crystal detector is minimal and can be carried out

with high precision.

The deuterated anthracene polarimeter on the other hand is very sensitive to
electronic stability. Even though electronic drifts can be neutralized to
a large degree in the data analysis, these effects probably constitute the

main source of systematic uncertainty in the present work. An obvious way
to attack this problem would be to introduce digital stabilization in £he

I, and S channels of the electronic systém. In principle this could be done
by stabilizisg the edge of the deuteron bump electronically 'on-line' in the

same way as is now done "off-line", during the data analysis.

7.3 " Further applications.

7.3.1 _ Polarization work.

It is within the means available locally to continue this work at different
incident energy, using other source reactions. Preliminary work has been
done using théllHN(d,no)lso reaction, which has been described by Busse, ¢t al.
(Bu70). The incident deuterdn energy was 5.5 MeV, and the energy and polari-~
zatiqn of the primary neutron group were 10 MeV, and 0.30, at § = 30° (lab) .
Fig. 7.4 is an example of the 10 MeV data. Figs. 7.4a is an LS- spectrum

of the data taken with the deuterated crystal at the maximum L-orientation,
that is, the neutron beam is parallel to the e¢'-axis. Fig. 7.4b is the

LS-spectrum of the 10 MeV data taken with the crystal at the polarization
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Fig. 7.4a An LS-spectrum for 10 MeV neutrons directed parallel to the
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. orientation).

The ridge is due to recoil deuterons (D). The vertical scale

is arbitrarily cut off at 500 counts.

~ /
2
>
.
a
cl
— 0o
n
b

Fig. 7.4b An LS-spectrum for 10 MeV neutrons on the deuterated anthracene

crystal at 'polarization orientation'.

The beam is directed between the b- and.c’- axes at

; 3 le) o
(a,B) = (6'¢)crystal = (907,40). |
The ridge is due to recoil deuterons (D).

The vertical scale is arbitrarily cut off at 500 counts.

.
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orientation of (ua,B) = (900, 400), at which the characteristic broadening

i
of the /deuteron ridge is observed. Results at this energy could be compared
to those of Walter and Kelsey (Wa63) for n-d scattering, and those of Faivre,

et al.’ (Fa62) for p-d scattering at the near-by energy of 11.0 MeV.

Another reaction of interest is the 15N(d,no)160 reaction, the polarizatién and
angular distribution of which have been measured at incident deuteron energies
of 4.35 and 5.50 MeV (Bu67b) which produce a polarized neutron beam of 14.1

and 15;1 MeV, respectively. For both these energies the cross section is
greatest at 30° (lab), and the polarizations have their greatest absolute
value; 0.3 and 0.6, reépectively, at this angle (Wa71). If extreme backward
angles can be used, thé 5.50 MeV incident beam will furthei prbdgce a polarized
neutron beam, Py = 0.4, of 12.5 MeV at 160o (lab). Furthermore, an incident
deuteron beam of 2.6 MeV can produce a bolarized beam, P; = 0.48, of 12.1 Mev
‘energy at 45° (lab) (Wa7l). The major difficulty with the 15N(d,ﬁo)16o
reaction is that the figure of merit is down (Wa7l) relative to the other
reactions mentioned above. One must therefore pay the price of longer running
times; however, good polarization data -at these additional energies might be

well worth thé price.

7.3.2 - Other applications for the deuterated crystal. '

In addition tq the polarization experiments, the deuterated anthracene crystal
may be used for other types éf experiments. Cﬁrrently an investigation is in
progress for measuring the sum of the cross sections for the (n,d) and (n,n') 3o
reactions on carbon, as é function of incident neutron energy in the range 16
to 22 Mev (St75). In this work, pulse shape discrimination is employed to
identify the a-particles from these reactions, ‘and the recoil deuteron from
D(n,n) elastic scattering. Thus the cross section for a-production can be
detérmined relative to the elastic scattering cross section. There may also
be applicétions of the deuterated crystal ih the study of deuteron photof
disintegration, particularly if the angular distribution of the photoprotons

is of interest.
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