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The design, construction and operation of a fast neutron
polarimeter employed to study the neutrons emitted in the
zﬁ(d,n)3ﬂo resction at deuteron energies less than 1MeV is
described. The polarimeter employs neutron scattering from
a high pressure helium gas secintillator into two liguid
gscintillator neutron detectors, all three scintillators being
mounted on a rotatable cradle to allow an interchange of the
roles of the two neutron detectors and hence eliminate
instrumental error arising from differences in their detect-
ion efficiences. In selecting an appropriate scattering
angle consideration is given to the speed of data collection
and the accuracy to which the analysing power of helium 1is
known. A series of electronic units designed to operaté
with the polarimeter is described. Considerable use is made
of both linear and digital integrated circuits in these units,
and a modular racking system is used for their construction.
The importance of recording the hellum recoil spectra assoc-
jated with the neutrons detected in coincidence between the
neutron detectors and the gas scintillator is emphasised,
experimental measurements and Monte~Carlo type calculations

being performed to acecount for background tails present in



these spectra., Messurements of the polarization of the
neutrons emitted in the 2H(d,n)3ﬁc reaction at = mean
laboratory reesction angle of 46° ére reported for six mean
deuteron energies in the renge from ~ 300keV to ~ 800keV
uvsing a Ti-D target of 100keV stopping power. FProgrammes
to allow semi-sutomsted data hendling by a small computer
are deseribed, ns are Monte~Carlo type computations of the
mean analysing power of the polarimeter, The results and
experimental techniques of previous workers are eritieally
examined, and proposals are made for the pcssible improve-

ment of the polarimeter and for its usé in further studles.
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1.

Due to the strong spineorbit coupling in nuclear interactions,
micleons emitted in a nuclear reaction at a fixed reaction angle
will in general exhibit a polarization of their spin direction,
such a polarization being perpendicular to the reaction plane
for unpolarized reaction parent nuclei.

In 1949 Wolfenstein'l) first drew attention to such effects,
referring specifically to the case of the D=D reaction. A
teechnique for the measurement of the transverse polarization of
fast neutrons had previously been proposed by Schvinger(z) in
1946, This involved measuring the azimuthal asymmetry of the
neutrons after being elastically scattered by a light nucleus -
hereafter called the analyser.

Among the first experimental observations of the polarization
of neutrons produced in reactions were those of Huber and
Baumgartner(B) and Ricnno(“), both groups publishing in 1953 their
results on the zﬂld,n)BHa reaction, using carbon as an analyser.
Thereafter a considerable volume of work concerning the measurement
of neutron polarization resulting from reactions and scattering
has been published, as may be evidenced from the reviews of
Haeber11'?) and valloway'®?, The motivation behind such studies
include the possibility, once accurate polarization measurement
techniques have evolved, of determining spin and parity assign-

ments of compound nuclear states, and of evaluating the effect
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of spin-orbit forces in nuclear scattering of fast neutrons,
as well as obtaining further details of the reasction mechanisms

of neutron producing reactlions.

The zl(d,n)3no reaction has probably received more attention
than any other nuclear reaction, with regard to neutron polariz-
ation measurements. Yet in spite of this, considerable
disagreements in published results occur, as may be seen from
the comprehensive tabtulations of Gallowny(G).

The present work describes the design and construction of
a polarimeter to study the polarization of the neutrons emitted
in this reaction for incident deuteron erergies within the operating
renge of the Cockeroft<Walton type accelerator of Edinturgh
University, the object being to produce a set of thin target
measurements, and while so doing to examine critically the
experimental technique for sources or error which may have
passed unnoticed in earlier work,

Figure 1 provides a compilation of the results of other
authors published since 1957 for reaction angles around y5°
(Lab) and in the relevant deuteron energy range. Table 1
provides a key to figure 1, and in addition lists details of
these measurements including the experimental technique employed,

a subject to be discussed more fully in section l.3. That
these measurements show little evidence for a strong energy

dependence provides some justification for the plotting of both
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Zable 1 - Key %o Fig.l.

Polarization of neutrons emitted at a laboratory angle of about
45° from the 2H(d,n)>He reaction.

A - The results of Roding and Scholermann'’’ (1969), recorded
for neutrons emitted at a %0® (Lab,) reaction angle from a thin
titaniumedeuterium terget (~ 50keV stopping power)., A helium
gas secintillator was employed as scatterer-analyser, and the
phase shift angles for ‘n-l'ﬂc scatteiing of Hoop and Barschal!us)

were used.

Il - The results of Behof, May and Mc&arry(e) (1968), recorded
for neutrons emitted at a 47° (Lab.) reaction angle from & thick
heavy ice target. A helium gas scintillator was employed as
scatterer-analyser, and the phase shift angles for 'n,-"ﬂ‘e
scattering of Dodder and Gammel as published by SQagravoué)

(DGS) were used.

@ - The result of Hulder(g) (1966), recorded for neutrons
emitted at a 46,5° (Lab,) reaction angle from a thin heavy ice
target (~ 50keV stopping power). A helium filled ecloud chamber
was employed as an analyser, and the phase shift angles for
%-"Bc scattering of Austin et ‘1.(17) were used.

/\ = The results of Boersma, Jonker, Nijenlmis and Van Hall(m)
(1963), recorded for neutrons emitted at a 53° (Lab.) reaction



angle (for a deuteron emergy of 275keV), at a 46° (Lab.) reaction
engle (for a deuteron energy of 375keV) and at a 51° (Lab.)
reaction angle (for a deuteron energy of 450keV), from a thin
titanium-deuterium target ( ~50keV stopping power). A helium
gas seintillator was employed as scalterer-analyser, and the
phase shift angles for n -‘*He scattering of Austin et al.(rn

were used,

VY = The result reported by Bteuer, Bucher and Herefordun
(1959) as including previously published data(m). The reaction
angle is given as 53° (C of M) and various thick targets were
employed. Carbon was used as scatterer-enalyser, the analysing
power being calculated from the n «32g scattering phase shift
angles of Wills et al.(la)

V¥V - as V , tut with the analysing power calculated from the
mn 2 scattering phase shift angles of Meler et al.(lg)

[] = The results of Pasma(n) (1958), recorded for neutrons
emitted at a 47° (Lab.) reaction angle from a thin heavy ice
target (~ 50keV stopping power). A helium gas scintillator
was employed as scatterer-enalyser, and the polarization values
shown plotted were recomputed by Boersma et ‘1.(10) using the
phase shift angles for /n,-kﬂo scattering of Austin et al.uﬂ

<> « The results of levintov, Miller, Tarumov and Shmshovu")



(1957), recorded for neutrons emitted at a 49° (Lab.) reaction
angle from a thick zirconiumedeuterium target., Helium filled
proportional counters were employed as analysers, and their
own phase shift angles for ’n-‘*ne scattering were cnployed.(zo)

@ - s { , tut employing a zirconiumedeuterium target with
~ 150keV stopping power.
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thin and thick target measurements versus incident deuteron
energy. Whilst making allowances for such variations in

target thiekness, it is yet obvious that there exists considerable
disagreement as to the magnitude of the polarization. That
this cannot be explained as being due to the small spread in

the reaction angles at which these measurements were made may

be seen from the polarization angular distritutions of Boersma
et 31.(101’ Behof et al.(a), and Roding and Scholermann (7), all
of whose messurements, although differing substantially in
magnitude, exhibit a broad maeximum around the favoured angle of
4¥5°, TFurther, such a broad maximum is supported by the polariz=-
ation sngular distritution P(v) theoretiecally proposed by Bline

Stoyle (21) for low deuteron energies, namely =-

P(v) = %a_:

Wheres v 1s the centre of mass reaction angle of the emitted
neutron

¢ 6(v) is the differential cross section in the centre of
mass frame for the 2lid,n)3ln reaction

:+ B ig a deuteron energy dependent constant.

Consider the system shown in figure 2; all directions being
with reference to the laboratory frame. An unpolarized beam of
particles travelling in the direction.]i, strikes unpolarized
target nuclel, the reaction producing the neutrons of energy
En to be studied along direction K. Then the reaction angle
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6g is the angle betwveen k‘l and Lz, and the polarization may
be written as L = Fny, where g, is a unit vector in the direction
& A Bpy and the magnitude of the polarizaetion, P, is deflned
as P = (N, - N) / (N_+UN) vhere N, and N_ are the mumber of
neutrons with spin parallel and antiparallel to D4 respectively.
Now utilising the predominantly favoured polarization
measurement technique outlined by Schuingor(a), let these neutrons
be elastically scattered along directon k3 from suitable analysing
muclei. Further, let a unit vector o, be defined as lying in
the direction of kz A 3,3, then the scattering angle © 1s the
angle between 1;2 and k3, and an azimuthgl angle ¢ may be defined
as being the angle between ny and Dy The differential cross
gsection for this scattering of the transversly polarized neutrons
will depend not only on © but also on cﬁaeeording to the relation
6(0,$) = 6(8) {1 + P 4 (8) cos (P}
= 6(6) {1 + R4 (0)]
where O(8) is the differential cross section for the scattering
of unpolarized neutrons of emergy E , and 4 (6) = A (€) B,y is
the analysing power of the scatterer (and is equal to the
polarization produced in its scattering of initially unpolarized
neutrons of energy En at an angle (8), A
Thus by placing two identical point neutron detectors
located at equal angles © equidistantly from a point scatterer=-
analyser, but with ¢ = 0, 7 respectively, the measured asymmetry
£ in the count rate I for neutrons scattered by the analyser
into the neutron detectors will be
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It follows that before estimating P, one must evaluate A (8).
The most prevalent choice of analyser is a light spin zero
nuecleus, almost exclusively 126 or h!h. For such muclei the
total and differential cross sections for unpolarized neutron
secattering are reasonably well determined over a wide range
of neutron energles, and A (8, Bn) may be evaluated from phase
shift analyses of such data, Motl - Schwinger (22 scattering
has also been used f3r7polarization analysis. This relies on
the interaction between the magnetic moment of the neutron
and the coulomb field of a (preferably large atomic mumber)
micleus acting as scatterer-analysers Significant analysing
powers are obtained for © very small, but the technical diff-
jeulties of making scattering measurements at small angles
have discouraged its use in the neutron energy range below 20 MeV,

As sn alternative to elastic scattering for polarization
analysis, Barschall (23) has indicated that under restricted
conditions one could measure the asymmetry produced in the
inverse reaction to that producing the neutrons, this asymmetry

depending on the square of the polarization,

The following discussion will be restricted to the use of
miclear elastic scattering es a polaxization analyser, the

technique used in all of the measurements iisted in Table 1,
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Purther it should be noted that in these cbservations

hﬂb and 12¢ analysers have been used exclusively, the former
being much preferred, Thus this discussion will be further
restricted to these two analysers.

One may obtain a well defined analysing power close to
unity over a vide range of neutron energies by scattering
the neutrons from 'He at an angle © ~ 120°, A fuller discussion
of this will occur in section 2,1, figures 4a,b,c,d illustrating
this observation. In addition, hﬂb also has the advantage of
conveniently acting as a scintillator in both its gaseous and
liquid states. Thus a coincidence requirement between a hﬂb
scintillator acting as an analyser and a neutron detector
measuring the azimuthal asymmetry may be utilised to reject
background events occurring in the neutron detector due to
neutrons arriving by other than the desired scattering process.

In contrast to this the analysing power of 120 is strongly
energy dependent and is much less well determined, the latter
being evidenced from the result of Steuer et a1‘l?) in figure 1,
shown computed using the analysing power of carbon obtained from
the n - 120 scattering phase shift angles of Wills et ‘1.(18)
and also from those due to Meler et al.(19). In the neutron
energy range around 3 MeV which is directly relevant to the
present experiment, attempts have been made to evaluate the
analysing power of carbon by measuring the asymmetry resulting
from the scattering of neutrons whose polarization is assumed

known from previous measurements using helium as an analyser.
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Thus Wenzel and Btcuer(Zh) used neutrons from the aa(d,n)auo
reaction assuming the fit to previously published results of
Pisnn,(13) while Miller and Biggerstaff (25)used neutrons from
the lzc(d,n)13ﬂ reaction, and took the values of polarization
(26)  41though both of these sets of
results tend to favour the analysing power calculated using
the phase shifts of Wills et al (18) to that caleulated using
the phase shifts of Meler et al.(lg), their support is by no

given by Morgan et al,

means conclusive, these results being particularly contradictory
for neutron energies around 4% MeV, Further Hansgen and ﬁitzlcho(27)
have very recently reported measurements of the analysing power
of 13 using neutrons from the 2ﬂ(d,n)335 reaction and taking
the polarization to be that measured by Behofl et al.(e) These
results purport to show previously unknown resonances in the
analysing power for neutrons of ~ 2+8 MeV energy, although these
observations seem somewhat suspect since they indicate a factor
of ~ two varistion in the measured asymmetry for a change in
mean neutron energy of 7 keV despite a ~ 300 keV spread in the
energy of the neutrons employed.

A seintillator using carbon in the form of a diamond has
been reportedtaaa, as has a technique for separating the
seintillations due to carbon recoils from those due to hydrogen
recolls in an organic seintillator, by using a pulse shape
sdentification procedure 220, Finlay ‘3% nas reported the
use of an associsted particle time of flight technigque in order

to reduce unwanted background when employing a solid non-
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eeintillating carbon analyser. Part of the data for the
result of Steuner et al.(lo) shown in figure 1 was obtalned
usging an organic seintillator as analyser, pulse amplitude
gelection being employed to separate carbon recoils from
hydrogen reccils.

Thme in conventional pelaerimeters one scatters the
(possibly eollimated) neutrons from the chosen analyser and
detects the scattered neutrons in a pair of side neutron
detectors shieclded from the direet neutron flux originating at
the target. These neutron detectors are located symmetrieally
with reegpect to the analyser, the centre of each corresponding
to the same scattering angle 6, but to different azimuthal
engles, namely § = O (to the 'right') snd § = 77 (to the 'left').
If these detectors are then interchanged periodically, and
their detection efficiencies remein unchenged by this process,
then no normalisation by a beam monitor is required, since the
duration of the measurements, the fluctuation in the neutron
flux, and the differences in the two counter efficlences cancel

entirely if one defines a 'right-left ratio' r as

* e,

wvhere on is the mumber of counts observed in detector X

located at ¢ = 0, during which period ITFY is the number of

counts observed in detector Y located at ¢ = 77 ete, Hence

the asymmetry £ is

E .5_:;_% s<A>P
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yvhere <A> is 2 "mean' snalysing power evaluated over the spread
in scettering and szimuthal angles produced by having en
analyser and detectors of a finite size. Itz computation will
be econsidered further in chapier 5.

Te avoid introducing instrumental asymmetries, on moving
g detector from ¢ =0 to § =TT end vice versa the analyser
to detector distance wmust not alter. A convenient technique
to ensure this is to rotate the rigid essembly of scatterer
and detectors sbout an axis jolning the neutron producing target
to the centre of the analyser, Further if one is able to
rotate the 2ssembly such that the side detectors might de
positioned at a scattering sngle © and azimuthal angles TT/2
and 3 7T /2, then a measurement of the ssymmetry (which should be
zero) in this plesne will be a velusble check on the presence
or lack of instrumentsl asymmetries.

As an alternative to mechanically interchenging the roles
of the side detectors, the polerization vector of the incident
neutron beam may be rotated using a magnetic field. This was
first proposed and used by Hillmen et al.(3l) who employed an
air-cored lolqo.ld through vhich the neutrons passed, a current
through the windings capeble of rotating B by 7//2, and vhen
reversed by - T7/2, being utilised, Thus the asymmery was
measured in a plane perpendicular to the reaction plane. The
use of a trensverse magnetic field rotating the polarization
vector by TT has also been reported, Considerable care must
be taken when using these powerful magnetic fields to ensure
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that the fringeing flelds d® not affect the operation of the
customarily employed photomultiplier - scintillator side neutron
detectors, Further Atkinson and Sherwood (32) have discussed
depolarization effects in such fields.

Neutron polarization measurements have also been made by
a few workers who studied the asymmetry of the recoiling helium
analysing nuclei instead of the scattered neutrons. The
measuremente of Levintov et al.(lu) and Mulder (9) plotted in
figure 1 both employed such a technique, the former utilising
amplitude selection of pulses from a long hﬂb filled proportional
counter angled to the neutron beam, the latter observing tracks
in a hﬁe filled cloud chamber.

For the present study it was determined to use & conventional
polerimeter as shown in figure 3, and deseribed in more detail
in chapter 2. Helium was preferred to carbon as an analyser
on the basls of its reasonably well defined analysing power, its
convenience in use as a scintillator to reduce background, and
because of its use by most other workers in this energy range,
thus allowing an intercomparison of the results obtained by
these workers and by the present suthor without having the
added complication of uncertainties arising due to the use of a
different analyser. Purther the use of a high pressure hﬁo
gas scintillator as an analyscr was preferred to that of a
(more dense) liquid uﬂe seintillator on the grounds of technical
ease, Miller(33) has reported the difficulties of using a
l1iquid helium scintillator for measurements taking longer than
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one hour, Similarly reasons of convenience led to the
favouring of a mechanically rotating assembly rather than the

use of magnetic spin rotatioen.
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The polarimeter constructed for the present experiment 1is
shown disgramatically in figure 3. Briefly, the neutrons
emitted from the target after collimetion are scattered through
a mean angle © from a high pressure gas scintillator into two
l1iquid scintillator neutron detectors symmetrically placed to
the 'right' and 'left' of the gas scintillator. These three
detectors are mounted on a cradle which may be rotated accurately
through angles up to 360° about an axis joining the neutron
producing target to the centre of the gas scintillator.

The present chapter describes the construction of this
polarimeter in some detail. A short description of the polar- |
imeter and ite initial operation has been published by the

present author in conjunction with Galloway (3&).

2.1 Ihe Choice of Scattering fngle
In selecting the scattering angle © to be employed in the

present polarimeter, both the uncertainty in the analysing
power and the rate of collection of data were considered as
functions of 6. Although the angle chosen was that most
appropriate to the analysis of polarization in neutrons of
the energy to be studied, namely ~ 3MeV, its suitability for
use with neutrons of a higher energy will also be examined.
The n =« “ne scattering phase shift angles on which a
computation of the helium analysing power relies, although
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initially extracted from p - l"He gcattering data by Dodder and
Gammel snd published by Sesgrave 1) (hereafter called the
D.G.S. phase shifts), have been further investigated in later
o G uﬂe scattering experiments. Satchler et al (35) have
recently revieved this work and fitted the experimental data
by an optical model caleulation.

Because of the complex manner in which the phase shift
angles are 1nterre1ated‘1n their computation from an analysis
of scattering data, it is difficult to determine the accuracy
to which they, and in turn the analyslug power are known. As
an estimate of this uncertainty, the analysing power was
ealeulated and compared using those sets of published phase
ghifts most commonly employed, including phase gshifts of partial
waves up to‘£ = 3 where provided., Figures ha and 4b show the
hﬁa analysing power for neutrons of energy 3 and 6 FeV respect-
ively, calculated using the phase shifts of Austin et a1(17)
(dotted curve) and Morgan and Walter(36) (dashed curve). The
D.G.S. (16) results (not plotted) match closely those of Austin
et a1 17} pround the turning points. Figures ke and hd show
the analysing power at 12 and 18 MeV respectively. The dotted
curve is based on the data of Hoop and Barsehall(ls) which is
an extension of the work of Austin et 31(17) to higher neutren
energies. Because of the lack of other comprehensive data in
this energy region, the dashed curve was calculated using the
phase shifts of Satehler et a1‘3%) fyom their optical model
fit whieh is primarily obtained from the lower energy data of
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Morgan and Nalter(Bﬁ).

At all four energies, the agreement between the curves is
mach better at the backward scattering maximum than at the
forvard scattering minimum, Indeed for 3 MeV neutrons, the
analysing power differs by ~ 20% at the forward scattering
minimum for the two curves, while only a -~ 3% difference exists
at the backward scattering maximum.

Another factor to be considered in the selection of the
seattering angle i1s the rate at which information may be
collected, In an idealised polarimeter consisting of a point
scatterer and point side detectors, for a given incident neutron
flux of polarization P, ignoring background and counting for
equal times to '"left' and 'right' with each side detector, the
time to reach a given statistical accuracy AP in the measurement

of P is proportional to

1= PEAl0) ..
A (8)° 6 (8) (AP)?

in the notation of section 1.2 tut with the addition that 6 (€)
here refers specifically to the differential cross section in

the laboratory frame. If the (infinitely small) solid angle
subtended by the side detectors at the scatterer is kept constant,
but €, the laboratory scattering angle is varied, then the

position of fastest data collection will occur for

1 .e;i a {8;2 a minimum. In comparing two angles for fast

data collection the numerator of this expression will most

commonly vary little. Thue the denominator provides a
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convenlent figure of merit, the maximisation of which will be
a good guide to fast data collection. This figure of merit
is plotted in figure 5, the computations having been performed
using the phase shift angles of FHoop and Barachall(lg).

It may be seen that in the case of 3 MeV neutrons, there
is 1ittle to choose between the forward and back scattering
peaks, However for energies of 6 and 12 MeV data accumulation
will be substantially faster if scattering at a forward angle
is employed. At 18 MeV the forward scattering peak still
remains favoured, but not by so signifiecant a factor as at 6
and 12 MeV, In considering the rate of data collection in a
real polarimeter of the type presently described, account should
be taken of the finite dimensions of the scatterer and side
detectors, and the resulting spread in scattering angle (8).
However since both the forward and backward scattering peaks of
A (8)2 6 (6) exhibit similar sngular widths, the general
obgervations for a point scatterer and detector should remain
valid, Further, while the use of a different set of n—hﬂe
scattering phase shifts changes the figure of merit significantly
in some situations, it does not alter the above general
conclusions.

Thus a mean laboratory scattering angle © of ~ 120° was
chosen for the present polarimeter, being both a position of
well defined analysing power, and good data ccllection
efficiency for 3 MeV neutrons. Although at higher energies
a superior data collection efficiency could be obtained by
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selecting a forward scattering angle, it should be noted that
this optimum angle and its associated analysing power varies
considerably with energy, while for & ~ 120° one is loeated
near the centre of the back scattering maximum of the figure
of merit and has a neer constant analysing power over the

whole range of energies examined.

2.2 Ihe High Pressure Helium Gas Scintillator

Bince the pioneering use by Pasna(13) of a high pressure
hﬂo gas scintillator in a neutron polarization experiment, a
mumber of reports on such scintillators have been published
(e.gs references 10, 37, 38, 39, 40) not all agreeing on
operational details. There is broad agreement that the addition
of a quantity of xenon (~10%) to the helium is required to
produce a good light output from the seintillator. It is alseo
reported that the wavelengths of the scintillations emanating
from such a heliume-xenon mixture lie inconveniently in the
near ultra-violet, and so the use of a quartz viewing window
with a quartz window photomultiplier is advised. As an
alternative, or an addition, to this use of quariz, much larger
photomultiplier signals may be obtained by the deposition of a
wavelength shifting material on the internal reflecting surfaces
of the scintillating volume and on the viewing window. Early
workers (10) reported a rapid loss of light output with time
when using wavelength shifters so deposited, but later workers
(36 = 40) 1 .ve not experienced this difficulty, these using
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most commonly diphenyl stilbene (D.,P.8,) as a wavelength
shifter, deposited in advised densities which vary, according

to author, by orders of magnitude. There is also broad
agreement that loss of light output may result from contemination
by impurity gases, thus necegsitating the careful evacuation of
the secintillator prior to filling.

A section through the helium gas scintillator assembly
constructed for the present scintillater is shown sketched
in figure 6, The scintillating volume is contained in a staine-
less steel cylinder of Sem. dismeter, closed at the front by a
hemisphere, the wall thickness being 2mm. The rear of this
active volume of 6em. axial length is closed with a 2+*5cm.
thick quartz window, seated on a P,I,F.E. '0' ring seal, and
held in position by & stainless steel surround clamped with
10 bolts. Into this surround screws the brass photomualtiplier
case which has = 'neck' whose axis of cylindrical symmetry 1is
accurately co-linear with that of the active scintillating
volume, this neck being used in the mounting and alignment
procedure outlined in section 2.6.

The reflective coating of the inner walls of the secintillating
volume followed the most commonly reported procedure, namely
these surfaces, after polishing were coated with a vacuum
evaporated layer of aluminium, then with a layer approximately
1mm. thick of elcctrostatically deposited (4l magnesium oxide,
end finally with & vacuum deposited film of D.F.S, varying in
thickness from a4300/ug/cm2 on the walls close to the viewing
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window to ~ 100 ug/en” en those of the hemisphericel end, =
the density snd distribution as sdvised by Jemkin snd Shomm‘37),
The quartz window was slso coated on the scintillating volume
side with D.P.S. as advised by Jenkin end Shamu'37) (~25ug/en’
thickness), and the scintillations were observed with a quartz
window photormultiplier, nemely an E.M.. type 62558,

The filling proceeded by first evacuating the scintillator
volume end the rilling line with 2 rotary and s diffusion pump
and utilising & liquid nilrogen trepe Then the system was
flushed with helium and purped down with the rotary pump, this
being repested seversl times before filling with ~5 atmospheres
of xenon and ~6%5 atmospheres of he.lum., A loss in gas pressure
and an sccompanying lose in light outrut in the seintillator
necessitated refills after operational periods of a few months,
although no re-ccating proved necessary. On so refilling the
gas scintilletor, the light output regained or improved on its
initial value provided the evacuation and filling procedure
outlined above was adhered to,

The photomultiplier was operated with an L,H,7, across
the dynode chain of 1500V, this produeing a standing current
therein of 0*SmA, The linear cutput to a pre-amplifier vas
taken from the 1lth dynode.

2.3 Zhe ilauid Scintillator Newiron Petecloxs
Organic scintillators offer a convenienl and efficlent
means of detecting fast neutrons. They sre however sensitive
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also to X-rays, the detection of which in the present polarimeter
would not only increase the random background ccunt rate, tut
would alsc introduce an error into a polarization measurement
due to the observing of reel coincidences produced by those
¥-rays which are scattered (end detected) by both the helium

gas scintillator and an organic seintillator. Thus to reject
Y¥-ray events it was decided to use a pulse shape diserimination
(P,8.D,) technique which relies on the observation that in
certain organic scintillators the decay time of the scintillations
due to proton recoils from incident neutrons is different from
the decay time of the scintillations due to electron recoils
from incident X-rays.

The liquid N3213t-vas chosen as the appropriate scintillator,
there being no conveniently available solid of the desired size
with good P.S5.D. properties. Such a liquid scintillator is
conventionally encapsulated with a bubble of nitrogen to allow
for expension of the liquid due to temperature fluctuations.

To maintain on rotation of the cradle a constant efficiency for
the detection of neutrons scattered by the gas scintillator,

the liquid scintillator used in the present polarimeter was
encapsulated in non atandardt '"mubble free' cylindrical cells of
Sem length and Bem. diameter, the nitrogen expansion bubble
being contained in a coiled capillary tube on the outside of

an end face and thereby unable to enter the veolume viewed by

the photomultiplier tkhrough the window on the opposite end face.

S Footnote., Supplied by Nuclear Enterprises Limited.
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A eross sectional sketeh of such a cell is contained in the
diagram of figure 7 which represents a complete liquid
seintillator neutron detector assembly as used in the present
polarimeter.

The photom:ltiplier used in esch of these detectors was
an EM,I, type 6262B operated with an E,H,T, of 1200V across
the dynode chain, so producing a standing current therein of
~ % mA. The final dynode to snode potentlsl was a few volts,
the intention being to utilise the saturated pulses so produced
from the last iynode with the Oven''?’ technique of pulse shape
diserimination, However a considerable variation in the
amplitude of these saturated pulses occurred when the detector
assembly was rotated, thus producing unscceptable chenges in
detector efficiency on rotatien, since the Oucn‘hZ) technique
of P.S.D. relies on amplitude selection of these pulses. This
effect wns observed with both of the presently described
detectors ard with & laboratory monitor, all containing a type
62628 photommultiplier. The output from the 1lth dynode of each
of the side neutron detectors which was taken to provide pulse
heights proportional te the light output from the scintillater
(a "linear' output) appeared unaffected by the rotation,

Thus it was decided to use these lincar signals with external
eircuitry of the type proposed by Housh et al.to provide
pulse shape discrimination.

The circuitry so designed for the present study will be
treated in detail in section 3.5, however briefly the linear
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current pulses from the photomultiplier were RC integrated
in the preamplifier, and then this was followed by an RC
differentiations, Now the time from the start of such a
processed pulse to its crossing the zero amplitude baseline
will be longer for neutron associated events than for those
due to ¥-rays. Hence the circuitry used in the present
investigation converts this time interval into a proportional
pulse height, a pulse height spectrum of the output being shown
in figure 8. This was obtained with a neutron detector as
presently described, and using a polonium-beryllium source,
the pulse height esnalyser being gated to accept events with a
light output greater than that produced by a 500keV electron
recoil in the scintillator. It is obvious from this spectrum
that amplitude selection by an integral discriminator of the
output pulses from the P.S,D, circuitry will provide one with

the desired rejection of ¥-ray events.

2.4 Ine Target Assembly
The vertical deuteron beam from the Cockeroft-Walton type

accelerator used in the present investigation was analysed

by a 30° bending magnet and hence directed on to the neutron
producing target. The presently reported results were all
taken for neutrons produced at a mean laboratory reaction
angle of 46° and with a vertical reaction plane. Small
displacements of the deuteron beam spot normal to this reaction

plane could be corrected by a subsidiary steering magnet.
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The target holder used was of a design adopted for use
with a uott-semmdr seattering c:pcrimt‘u') with the same
sccelerstor. It is shown in the photograph of figure 9 end
consists of a btrass otdk-m gealed inte the quartz beam
tube st its base with an '0' rings Water entering and exiting
this base outside the vacuum system circulates within the
{nterior of the stalk thus cooling the target material soldered
to and covering its upper surfsce, This target strip is of

3mm width normal to the resetion plane end . 2em. long in
the reaction plene, the top surface of the target stalk being
so angled such thet this longitudinal axis is inclined to the
horizontal only slightly more steeply then the collimetor axis.
Time beam spot movement due to small accelerator voltage
fluetuations effectively takes place along the collimator axis,
consequently mainteining the neutron irradiation of the gas
scintillator.

The target materisl used in the present investigation was
supplied by the Rediochemical Centre, Amersham, end consisted
of a copper backing coated with a titanium layer containing
absorbed deuterium gas in a near one to one Ti to D atomie
ratic.

2.5 Collimation and Chielding

Primaery shielding of the side detectors from the neutrons
produced at the target was provided by a collimator shown
dlsgramatically in figure 3 and alsc in the photographs of
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figures 9, 10, The end faces of this shield perpendicular
to the collimated neutron beam are 60cm. square, the length
being 45em. The shielding material contained in this
collimator consists of a cylinder of lead as shown close to the
target to provide attenuation of the neutron flux by inelastie
scattering, this lead further serving to attenuate the annihil-
ation ¥-ray flux from the target, due to positron decay of
13y produced by a (d,n) reaction on 12, target contamination.
The tulk of the collimator volume is filled with paraffin wax
to further degrade the inecident neutron energies, and finally
a Sem. thick wall of lead is used to shield the polarimeter from
the ¥-rays produced by neutron capture in this wax, The
neutron beam tube consists of a eylinder of ~ 5cm. diameter
into which inserts are placed to provide a throat and a taper.
Brass is used for the inserts around the throat, and polythene
otherwise. The throat was chosen such that all of the gas
seintillator active volume was illuminated by the target, and
the taper from the throat to the end remote from the target
was chosen such that the inserts in this region just falled
to be directly illuminated by the target, this being done to
reduce contemination of the direct neutron beam with contribut-
jons from collimator wall scattered neutrons.

Secondary shielding at least 25em thick, consisting mainly
of borated water contained in polythene bags inside metal
boxes was muilt round the polarimeter, an exit being left to

the rear for the neutron beam and for signal and E,H,T, cables.
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The ecradle consists of two accurately turned cylindrical
steel plates, of 2.5cm thickness with central holes to allow
the passage of neutrons eand cables, these plates being held
accurately parallel snd 50em apart by three steel pins of
2,5cm diemeter. This eradle is mounted in a steel frame,
i1ts end plates resting on four rotating bearings, Thus the
cradle is free to rotate, the axis of rotation being the line
joining the centres of the tvo end plates. A pin and socket
arrangement at the rear (i,e. remote from the target) plate
allows the cradle to be held in the four desired orientations
- corresponding tod)-O, /2, Ty 37/2 for a neutron
detector.,

Upon this credle is located an aluminium plate, perpendicular
to the end faces, to which the liquid seintillators are attached
via steel rods through their mauhtins lugs. The gas seintills
ator 1ies slong the axis of rotation, its 'neck' being held in
a brass saddle which is also attached to the gluminium plate.

The checking of the axial alignment of the polarimeter was
performed with the gas seintillator removed. A telescope,
located to the rear of the polarimeter was used to view the
target through a series of eylindrical alignment inserts with
omm diameter axial holes, these inserts fitting accurately
into each end of the collimator beam tube, inte the centre holes
on the end feees of the cradle, and into the brass saddle
mounted on the eradle. Alignment acecuracy of these holes to
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within ~ 0,5mm: was achieved, and checks made after several
months of operstion showed no need of further adjustment,
Further, to allow speedy replacement of target material,

more than one target holder was employed, these proving
sufficiently identical to eschew the need for alignment
adjustments, That the gas scintillator located truly axially
on the eradle was aiso checked, by using an alignment jig
mounted through the central hole of the cradle front plate.

2.7 ZIhe Fast Neutron Polarimeter

The photographs of figures 9,10,11,12,13, show the polare
imeter at several stages of construction. Figure 9 shows the
target and the collimator with an alignment insert located in
the beam tube., Figure 10 shows the collimator and the cradle
also with alignment inserts in place and with the telescope in
position to its rear., In figure 11 are shown the walls of
tin boxes partially constructed around the cradle on vhich
the neutron detectors and the gas scintillator are mounted.
Figure 12 is as figure 11, but in addition the pre-amplifiers
are mounted on the cradle. Figure 13 shows the walls of
shielding surrounding the polarimeter, the cables exiting at
the rear carrying power to photomultipliers and pree-amplifiers,
and signals from these pre-amplifiers to be further processed.



FIG, 11 PHOTOGRAPH OF CRADLE WITH SCINTILLATORS MOUNTED
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FIG, 13 PHOTOGRAPH OF POLARIMETER WITH SHIELDING WALLS IN POSITION
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Due to the lack of other than aged electronic units containe
ing valves (mainly A Ee 1000 series) whose reliability
proved inadecuaste to the present task, the design and constructe
jon of s series of electronic units using transistors and
integrated circuits proved necessary. A bleck diagram ef the
eirecuitry used with the present polarimeter iz shown in figure
10 with an sccompenying key. With the exception of the power
supplies, all the units here represented vere designed as part
of the present vork, Tius in the present chapter after a
congideration of the ccllective functioning of the polarimeter
eleetronic circuitry, the construction and operation of the

individual electronic units designed for end used with the
polarimeter will be examined.

Referring toc the bleck disgram of figure 1%, it may be seen
that both prompt (i.e. real and random) end delayed (i.e. random)
coincidences detween esch side detector snd the gas seintillator
are recorded, snd the four corresponding outputs a, by €4 d
shown in the figure are used to 'gate' the multichannel anslyser
(not shown) employed to pulse height analyse the catput marked
'He Linesr' from the gas scintillator emplifier. IHence four
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pulse height spectira of the 'He Linear' signals are obtained,
each cne contalining only events recorded in association with
one of the four 'gating' outputs (a,b,c,d),

The production of these four 'gating' outputs iz as follows:
Triple cocincidence unit 1 receives from the 'X' liquid
scintillator an input corresponding to linear signals above a
selected energy (usually set at 100keV electron recoil energy)
and a neutron ildentifying input, which are required to be in
coincidence with an input from the gas seintillator, A
resolving time of ~1 /ue is used, Triple coincidence unit 2
receives identical signals to unit 1 from the 'X' liquid seintill-
ator, but the input from the gas scintillator is delayed her3/us
to give outputs due only to random coincidences. Triple
coincidence units 3 and b operate as units 1 and 2 respectively,
but for the 'Y' liquid scintillator. The 3 /us delays after
coineidence units 1 and 3 serve to bring all four coincidence
outputs into the same time relation with respect to the 'He linear'
output, in order to produce the desired gated spectra.

3.2 Slanderds of Comstruction

Due to the comprehensive nature of the design task, it
became clear that the cireuits could serve in other than the
present experimental study. Thus in order to allow a flexibility
of use, it was decided to construct these units using a modular
racking lystemi, to operate them from a standard set of

¥ Footnote: The Standard Telephones and Cables Ltd, 'ISEP! range.
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stabilised power supply voltages, and to maintain a uniformity
of output levels,

The plug-in module initially favoured is shown in figure 15,
this being used for the amplifiers, the pulse shape discrimination
units and the interface units (not shown in figure 1%) which
drive the gating inputs of the multi-channel analyser. Three
such modules plus one module containing the % 12 Volt stabilised
power supplies from which these units operate, fit into a 19 inch
rack mounting frame as shown in figure 16. .

The multiplicity of the interconnections between the
diseriminators and coincidence units suggested that a closer
packing density than that allowed by the above module would be
more convenient for such units, Further since these units
handle mainly digital ('logic') signals, inter unit pick up is
not a severe problem, Thus the plug in module as shown in
figure 17 was used, 9 of these fitting into a 19 inch rack
mounting frame as shown in figure 18, and the stabilised + 12
and « 6 Volt supplies to power these units are mounted to the
rear of the frame.

The pre-amplifiers, which were mounted on the rotating
eradle close to thelr respective scintillation counters were
constructed in dle-cast boxes as shown in figure 19, and these
were supplied with + 12V from their associated amplifier power
supply via a 6 core cable,

In the following sections the design and operation of
these electronic units are described, commencing with the






FI1G, 16 PHOTOGRAPH SHOWING THE MOUNTING OF MODULES IN A FRAME






FIG, 18 PHOTOGRAPH SHOWING THE MODUNTING OF MODULES IN A FRAME



FI1G, 19 PHOTOGRAPH OF A PRE-AMPLIFIER WITH TOP COVER REMOVED
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pre-amplifier at the detector end of the signal processing
1ine and concluding with the interface units designed to route
the ana]yaed pulses m«: apprapria}a cections of the pulse
height analysor}smemdry. ' e

3.3 m.m_mimn " ~

The pro-ampllﬂer, uud :Iq conjun&ﬁon with t;. amplifier
to be. qucribod in the fol!bvln; mti?n, uas designed so that
in prc]&i;mry studies it eoul& also be tsad with A.E,K.E, type
1008 and 1'}30 valve mllfiera. Thus | 1t possesses an inversion
facility and = capability of mmg a *moJL terminated cable.
The circuit disgram of%this premamplifier is shown In figure 20,

With switch S1 in the 'b' position, tramsistors T1, T2
act as 2 non inverting unity ga}n compound emitter fellower,
R9 providing z nominal 100Jb ouiput impedance, With switch
81 in the "a' position, transistor Tl acts as zn emitter
follower dﬂvinz' the unity gain-inverting stage T2, resistor RY
giving the circult a icﬂﬁ, output impedance in this configuration.
Now the prc—amplifier 1s operated with the output connected to
a ecable terminated at the receiving end by 100/l , and so with
the switeh in either position the magnitude of the signal voltage
appeh:ing‘é‘cross this ieminatién will be one half of the
magnitude of the signal voltage applied to the pre-amplifier
input.

No 'bootstr"appmg' of the ‘reslstors Hl, R2 supplying
bias to the transistors is employed, thus an input signal to
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the pre-amplifier sees an input load of Rl, R2, both in
parallel with the input impedance (Z) of the transistor palr,
Now the resistive component of Z is approximately given by the
product of the emitter signal load of T2 (100JU ), the current
gain of T1 (~100) and the current gain of T2 (~100), and hence
is clearly much greater than K1, B2, Thus the resistive component
of the input impedance (i') seen by the input signal is 196U ,
this being defined by resistor Rl in parallel with R2, and 1s
largely independent of transistor characteristics., Now the
input signal will see a capacitance (C') in parallel with RY,
this containing contributions from the photomultiplier, the
dynode chain, the interconnecting cable, and the pre~amplifier
itself. '

The RC integration time constant thereby produced at the
input was typically ~ 1 /sy this being adequately long to
collect the current pulse from the photomultiplier-seintillator
assemblies, and it also provides a convenient pulse shape for
further processing in the amplifier, Since it was initially
intended to use the Owen (+2) technique of pulse shape
discrimination, the RC differentiation time constants of the
coupling networks in both the pre-amplifier end amplifier were
kept as large as were conveniently possible, an overall figure
of ~ 250 /us being obtained.

Transistor T2 is operated with 4OmA of standing current,
allowing adequate signal drive into a 100/l load for both
negative going end positive going input signals, and ensuring
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that the (internal) incremental emiiter resistance of T2 is
mch less than the external emitier signal load, thus preventing
non linearity and temperature dependence of gain arising from
this source., HResistor K3 serves to inhibit parasitic
oscillations, resistor K4 improves the slew rate for negative
going input signals, and resistors KR8 and R10 in eohaunctlen
with C2 and C3 provide power supply line decoupling.

3«% Ihe Linear Pulse Aupllilier

The eircuit diagram of the amplifier designed for the
present experiment is shown in figure 21, and its construction
is shown in Tigure 15, This operates as a non-inverting linear
amplifier for positive input pulses, end provides switeh
selectable amplification and shaping.

Thus an input signel {(from a pre-amplifier) sees a nominal
100/l input impedance defined by Kl in series with K2, switeh 51
allowing the signal amplitude to be attenuated by a factor of
5 (1% aB') at this stage if desired, With switch 52 closed,
the pulse passes on to the base of Tl, but with switch 82 open
an RC differentiation with a time constant of ~0.8 jus first
oceurs, this being defined by C2 and the bias resistors K3, R
which are effectively (as in the pre~amplifier) the signal loads
at the base of T1, Transistor Tl inverts the signal, its
voltage gain being inversly proportional to the signal load
between the emitter of T1 and earth. This we may adjust using
switeh S3, the pole of which is effectively a signal earth.
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Resistors R8 to R15 have been chosen to allow the voltege gain
to be thue varied in seven 2dB (nominal) steps. The emitter
standing current (Ie) in 71 is 8m A, tms the incremental
emitter resistance which in a transistor at room temperature is

iz JU (uhere Ie is expressed in milliemps) is therefore much
less than K8, and hence has been ignored in the above analysis
as may also any non linearity introduced by its variation with
signal size. The load seen by signals at the collector of T1
is effectively R17 and with switeh Sk closed C7 is placed in
parallel with this load thus shaping the signal with an RC
integration of time constant ~0,8 Juse The maximum gein of this
input stage, being the collector load of Tl divided by R8 is
approximately (minus) unity.

The main gain element of this linear pulse amplifier is
the integrated eircuit operational amplifier IC1¥ to which the
eignal now passes., This operational amplifier has a differen-
tial input, the signal being applied to the non inverting input
( pPin & in figure 21), the feedback being applied to the
inverting input ( pin 3). Now since the output impedance of
the operational amplifier is small w.r.t. R21 anq the input
impedance is large w.r.t. R18, then the gain of this stage G is
given by

¢ 2 AS st+’gzn)

where A is the open loop gain of the operational amplifier.

¥ Footnote: A type CA3030 produced by the Radio Corporation
of America.
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Now for

Wiha > 1

this reduces to

G = BJE+32]
gshowing the notable independence of the gain on the operational
amplifier characteristies, this independence being a function of
the amount of feedback applied, However, as the signal
frequency increases, the open loép gain of the operational
amplifier falls off, and further a phase difference appears
between the input and output signals. To ensure the stability
of the operational amplifier connected in the feedback mode, one
mist ensure that the product of the feedback fraction (Rl ;
.and the open loop gain at which this phase difference is 180°
(say Af) is less than unity. This places a theoretical 1limit
on the fraction of the signal fed beck to be less than 1/Af, and
in practice one must keep well within this l1imit to ensure that
the closed loop gain does not peak severely at high frequencles.
To obtain an adequate margin of stabiliiy with the present
feedback network, it is necessary to modify the open loop
frequency response of the operational amplifier. Thus capacitor
C9 is employed, its action being to increase the frequency at
which the phase difference of 180° occurs, and consequently
reducing Af, This technigue is known as phase lead compensation,
the alternative being phase lag compensation which, however,
mich reduces the band width of the operational amplifier.
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Thus this stage provides approximately 70 times gain, however
to provide linear output signals of up to + 10 Volts in size
with adequate current drive, further amplification and inver-
sion is required.

The signal from the operational amplifier is fed via
resistor K23 to the base of transistor T2, this resistor being
ineluded to prevent excessive current being drawn from the
operational amplifier should T2 saturate on receiving an
overloading pulse., Now since the input impedance of transistor
T2 (ignoring its bias resistors R24, R25) is approximately R27
maltiplied by the current gain of T2, which is therefore much
greater than R23, then R23 will not introduce a dependehce on
transistor characteristics of the signal size at the base of T2,
A consideration of the bilas resistors R2h, R25 will show however
that their load will introduce a small attenmuation of the signal
size on passing through K23, ©Now the load seen by the signal
between the emitter of T2 and earth is K27, which is mach
greater than the incremental emitter resistance, thus the -
voltage amplification of this stage is ~ ~ R2B/R27 ~ -~ 6.5,

The signal at the collector of T2 i1s fed through transistors
T3 and T4 which sct as a unity gain compound emitter follower,
the output impedance at the emitter of T4 being very small and
so the output impedance at 'a' and 'b' is defined by the
resistors K31, R32, each being 100JL ,

Thus an amplifier so constructed and with switeh 52 in
the closcd position and Sk open will, when fed with an input
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step function, provide an output pulse with a rise time of less
then 100ns, Mnmtmmtot'vwo/u-. The fast
rise time was desired to allow the amplifiers to be used with
coincidence units employing resolving times as short as 100ns
should this have proved recessery. As previcusly mentioned the
long fall time vas also desired to allow the anplifiers to be
used vith the Oven'"2) technique of pulse shape discrimination.
However most commonly the smplifiers were operated with 52 open
and &4 elosed, the 0,8 ,us differentiation time constant so
employed reducing the low frequency noise and giving a negative
undershoot to the pre-smplifier pulses ilus improving base line
stability at high count rates and for large overlocads. The 0.8
/us integration time constant also so employed provided high
frecuency noise attemuation and produced a suitably shaped pulse
for pulse height analysis and for operation with coincidence
units employing the (ultimately) chosen resolving time of ~ 1/us.
The maximum overall voltage gain of the amplifier (with
82 eclosed and &% open) is ~ x 350, Using 61, 53 the gain may
be sdjusted in 1% 2dB sttemusting steps to /25 of this value.
The maximum output voltege before limiting is +14V, The
linearity of the cutput up to +#10V was checked for one of the
amplifiers at maximm gain btut with the 0.8 us differentiation
and integration switched in, this being done by feeding a constant
size pulse from a pulse generator vis a precision veriable
attenuator to the input of the amplifier, The output signal
size frem the amplifier was measured in a 512 channel analyser,
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while the attenuation was adjusted in celibrated (to a 1%
accuracy) steps., Within the accuracy of the technique the
amplifier was found to be linear. Further to check the
resolution of the present design of amplifier, one was connected
via a pre-amplifier to & photomultiplier with a sodium iodide
scintillator, the output of the amplifier being displayed in

a multi-channel analyser. By employing a 60Co source which
emits Y-rays of 1.33 and 1,17 MeV energy, one may obtain a
sensitive measure of the resolution of the system from the ratio
of the height of the 1,33MeV photopesk to the height of the
valley between it and the 1,17MeV photopesk. In this test the
amplifier of the present design was found to compare more than
favourably with a commercial transistorised pulse amplifier
available on loan. Finally it should be noted that since the
output impedance at the emitter of T4 is near zero, there

should be 1ittle coupling between the outputs 'a' and 'b'.

This was checked by placing a 100JL load on one putput and
thereby reducing the associated pulse height by one half, while
the pulse height from the other output was found to remain
constant within ~ 17,

3.5 ZIhe Pulse Shape Discrimination Unit

The technigue employed to provide pulse shape discrimination
between )Y ~rays and neutrons in the present study has been
outlined in section 2.3 and is similar to that investigated by
Rousgh et al.(h3). The circuitry designed to exploit this
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technique in the present experiment is deseribed below,
reference being made to the circult diagram of figure 22, and
to the pulse shapes in the unit as sketched in figure 23,

The positive current pulses from the photomultiplier's
11th dynode are ihtegrated in the pre-amplifier then fed along
a cable with & characteristic impedsnce of 100/l to the matching
resistor network K1, R2, K3 (of figure 22) which feeds the
signal (of shape 'a' in figure 23) to the base of transistor
T2 and also to the input of the amplifier. Transistors Tl
and T2 act as an inveriing cascade type amplifier, this
configuration being chosen to gllow a high gain without
introduecing 2 large capacitance across the input due to Miller
effect, lesistor R7 in series with capacitor C2 is effectively
the signal load between the emitter of T2 and earth, thus
providing the desired differentiation with a time consltant given
by the product of R7 and C2, and hence causing the pulse to
cross~over the zero amplitude axis. The load resistor Ré
seen by the signal at the collector of Tl is effectively
shunted by the pair of fast silicon elipping diodes D1 and D2,
limiting the signal size to % 0,6 Volt at this stage, and
further provehting transistor Tl from being driven into
saturation by large signals which might thereby have their
zero crogs~over time altered due to charge storage effects,

The ghape of az signal =t the collector of Tl so clipped is
shoun in 'b' of figure 23.
Transistor I3 now further amplifies and inverts the pulses,
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the output being 1imited in its positive swing by diodes D3
and ZD) (a voltage reference dlede) snd in its negative swing
by the switehing off of T3. Thus a signal so limited is of
shape 'e' in figure 23, and this 1s passed via the emitter
rfollower T4 %o the base of T%a. '
Transistors T9a, T5b and T6 now serve as a time to
amplitude converter (T.A.C.), producing en output pulse whose
amplitude is propertioncl to the zero crossover time % shown
in tigﬁ*b 2%, - Thus T6 acts os = constant current source
feedingt™e dusl tronsistor T%a,b, and since resistors R17,
R18, VR1 serve to keep the base of TSa siizhtly more negative
than that of T%b, then sll of the current from T4 passes through
TSh, However, the arrival of a positive pulse at the base of
T%s switches 211 ef this current through TS5z, thus charging up
capacitor Cl0 during the time which the input pulse remains
(1deally) greater than zero. The discharge time constant of
this capseitor is given approximately by the product of C10
and R19, since the input impedance of the following stage is
E19. Thus ot the collector of TSa we have signals of chape
*a' in figure 23. How throughout the input amplifying stages
of the P.5.R. unit the coupling time constants have been kept
deliberately long to avold introducing sizeadle positive
overshoots on the tail of the pulses applied to the T.A.C.
stage. THowever with large input pulses, small overshoots
oceur, and so resistor VRl is set to require a small positive
voltage step (~ 0,1V) before the T,A.C, will switch, in order
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to inhibit triggering due to such overshoots and/or noise.
Thus in practice the time measured is not quite the zero
crossover time.

The output from the T,A.C, stage at the collector of T5a
is fed to transistor T7 which inverts and amplifies it.

Its collector load is a2 0.5 /us delay (De) with a matching
resistor at its input and a short at its far end. This serves
to eclip the length of the pulses from the T.A,C,, thus reduecing
the chance of a Y~ray event sitting on the tail of a previous
pulse and thereby producing an output signal as large as that
due to a neutron. As in the amplifier output, a pair of
transistors (18, T9) are now employed as a compound emitter
follower giving two outputs 'a', 'b' with nominal 100 /L output
impedances. The shepe of the signal at these ocutputs is of
type 'e' in figure 23.

The selection of suitable time constants for the KC
integration in the input cireuit of the pre~amplifier and for
the HC differentiation in the first stage of the P.C.D. unit
will obviously depend on their ability to provide good time
separation of the zero crossovers due to neutrons and Y -rays.

A second important criterion to be considered is the slope

of the shaped pulses at the zero crossover, sihce a steep
gradient will minimise time 'jitter' caused by the finite
(non-zero) level at which a practicable zero crossover detector
operates (e.g. the present T,A.C,). FKoush et al.(k3) have
defined & figure of merit for the selection of these shaping
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networks to be the product of the time separation at zero
crossover between a neutron and a Y-ray event, and the slope of
the shaped pulse at zero crossover (for a standard unshaped
size). Using the data of Peuckert''”) relating to the decays
of the seintillations due to neutrons and Y -rays in Ne2l3,
Roush et al.(l"” have computed such figures of merit with the
differentietion and integration time constants as independent
variables, the results being plotted in a contour diagram. This
diagram shows that using RC shaping as deseribed above, the
figure of merit is a maximum for an integration time constant ~
the differentiation time constant ~ Ok Al Thus the differe-
entiation time constant of the P.S5.D. unit was selected to be
~ 0.+ us, and a 15k JU resistor was placed scross the input of
the pre-amplifiers uged, thus reducing their input impedance to
provide a similar ~ 0.}+/us integration time constant,

A pulse height spectrum of the output from the P.5.,D. unit
is displayed in figure 8, the source and gating level allowing
a conv&nient comparison with other published spectra (e.g.
Nadav and Kaufman‘%), and Schwcimer(b'?) Je The pulse height
spectrum shown in figure 2k was taken also with a Po-Be source,
hovever the multichannel analyser was gated to accept events
in the secintillator with a light output greater than that due
to ~ 100 keV recoil electrons, this being the linear blas level
used in the present experiment., This shows the satisfactory
performance of the circuit with such a lower level, and with a
count rate of ~ 3xlOB/S (the maximum obtainable with the source
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used), greafer than that normelly encountered in the present

series of measurements.

3.6 ZIThe Inteeral Discriminator

The construction of an integral discriminator (with its
~ associated delay and shaping eireuitry) is shown in figure 17,
and a-cireuit diagrem is displayed in figure 29, an explanation
of the logic symbols utilised in this and in f&llowing circuit
diagrams being provided by figures 26 and 27.

This unit provides for the conversion of sn input pulse,
vhen it cxceeds a selccted level, into a standard size ('logie')
pulse., This pulse is passed through a veriable delay to allow
flexibilit& of use in ebincldcnee experiments, the output being
of & stendard height and duration, thus allowing it to be fed
into an 'And' gate which will act as a coincidence unit,

A ;/UA710C type integrated eireuit comparator¥ wae chosen
to convert the analogue signal into a logic pulse, This
integrated cireuit is basically a high gain operational emplifier
with a differential input, thus only a few millivolts of
difference across these inputs is required before the output
voltage i1n1ta. The AyJA7IOC has been so designed as to have
an output voltage swing in going from one such limiting state to
the othor (induced b; en input signal of opposite polarity)
compatible with most commonly used integrated circuit logile
families. Further it will change its output state (for a few

¥ Footnotes Originally mamufactured and marketed by the
Fairehild Camera and Instrument Corporation (U.S5,A.)
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millivolts differential input) in ~ 4Ons, e performance which
may be much improved by the use of positive feedback.

The logie circuitry into which this comparator drives, and
indeed the logic circuitry used throughout the electronic units
described in this chapter, employs medium power elements from
the Resistor-Transistor Logiec (R.T,.L,) familyt of integrated
eircuits as shown in figures 26 and 27. K,T.L, was chosen in
preference to other logic familles aveilable at the time of
design inception on the grounds of its convenience in the
construction of monostable circuits, However all the K,T,L.
outputs from the presently described series of units come from
tuffer stages of the type shown in the lower half of figure 2%,
thus providing adequate drive to other R,T,L, eireuits or to
operate the nov more popular Transistor-Transistor Logic (T,T.L.)
family. To obtain a power supply of +3.,6V to supply the R,T.L,
elements, each module containing these cireuits also possesses
a circuit of the type shown in figure 28, which provides a
stabilised + 3.6V supply from the +12V rail,

Thus the circuit of figure 25 operates as follows, reference
being made to the pulse shapes labelled ‘a', 'b' etc. shown
in figure 29, The input pulses of shape 'a' say (from an
amplifier or pulse shape diserimination unit) are fed to the base
of T1 which inverts them and allows switeh (81) selectable
attenuation. A negative potential selected using the ten turn
helical potentiometer Vil is applied to the non inverting input

# rootnote: Originally manufactured and marketed by the
Fairchild Camera and Instrument Corporation (U.S,A.)
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of IC1 (/uA7IOC), and thus when 2 pulse from Tl appllied to
the inverting input of ICl, becomes more negative than this
selected potential, then the output of the comperator (Ic1)
vill commence to chenge state, this change being speeded by the
positive feedbsek provided by K1l and C7. Thus we obtain an
output from IC1 (pin 7) of shape 'b' in figure 29, this
oceurring when the input pulse to the unit exceeds a level set
(by VE1) in the renge of from 0.5V to 2.75V (approx.) with &1
closed, or from 2V to 11V (approx.) with S1 open.

' These pulses of type 'b' are il differentiated and applied
(as shown in 'c' of figure 29) to the input of G1, the positive
spikes so produced triggering the monostable formed by Gl and
I2 whose period ( 23) is defined by €11, €12, R15, VK2, Ik
inverts the output from 12 thns.providins negative pulses of length

75 as shown in 'd'. These pulses are further RC differentiated
as shown in 'e', and applied to the input of G2 which together with
I1 forms s monostable of period (. defined by C10 and Kik., This
monostable is only triggered by a positive spike which arises
from the rear edge of the pulse from the previous monostable,
thus producing the desired delay 7pwhich may be varied from
0.1/us to 0.6/us using Vi2, these values being multiplied by a
factor of ~ 5 on placing Cll in parallel with Cl2 by elosing the
associated switch.,
Now the output from Il is followed by two stages of inversion

I3, I5, the latter stage belng a buffer element, thus a fast
rise and fall time (~10ns) positive output pulse, as in 'f'
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of figure 29, is obtained with adequate current drive. Now
these output pulses are often fed into & colneidence unit
(aes deseribed below) which operates by providing an output
when signals from the desired sources overlap in time, Thus
clearly our resolving time will depend on the width ( T.) of
the discriminator output pulses., In practice a Zz,offvo.G/ul
wag found convenient,

The pulse height resolution of the integral discriminator
may be checked by feeding both a multichannel analyser and
an integral diseriminator from an amplifier connected (say)
via a pre-amplifier to 2 scintillation dete€tor. Then using
the output from the integral discriminator to 'gate' the
milti-channel snalyser, one may examine the 'sharpness' of the
cut off so produced in the multi-channel analyser spectrum,
Typically with the present discriminator it was found that
such a cut off could be set to occur within one channel (10
millivolts) for discriminator levels of around 5 Volts.
The stability of the discriminator level depends on the

-6 Volt stabilised power supply rail which it uses as a reference.

Typically such commercially available power supplies quote
stabilities of 0,001 ageinst a 10f fluctuation in mains
voltage. Further to reduce the possibility of fluctuations in
this level due to large loasd variations, this <6V supply was
reserved solely to supply these integral discriminstors.



3.7 Ihe Triple Coincidence Unit.

Two triple coincidence units were constructed in each
module as shown in figure 30. The operation of a single unit
is described below, reference being made to the circuit dlagram
of figure 3l.

With 211 three inputs (1,2,3) connected to discriminators
(of the type described in the previous section) and with all
switches 51,2,3 in the 'a' position, then with no positive
pulses arriving from the discriminators, the output of the
three input gate Gl will be at near zero potentisl. A positive
pulse will be required from a1l three discriminators in order
to provide a near zero potential at all three inputs of Gl and
so raise its output state to a positive level, Alternatively,
by suitably chenging the switeh positions we may produce an
output for positive input pulses arriving {rom any one cr any
pair of diseriminstors, In the coincidence mode (dual or triple)
the length of the output pulse from Gl is equal to the overlap
time of the pulses from the discriminators. In order to
produce a standard output pulse shape from the coincidence unit,
the positive leading edge (after RC differentiation) of the
output from G is used to trigger the monostable formed by G2
and T4, thus giving a positive output pulse of v1 us length.

Throughout this discussion the finite rise time of the
input pulses has been ignored as has the time to change state
of the logic elements. This however is reasonable since both
of these times is ~ 10ns compared to the 0.6/ua length of the
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3.8 ZIhe Delay Unit

To give a varisble delay to the output pulses from a
coincidence unit or diseriminator as described above, a
further discriminator unit may be employed with its level set
to accept these logic pulses. This piocedure was used to
produce the additional delay in the gas geintillator chennel
shown in figure 14 for the purpose of determining the random
rates, However in order to save space the two delay units
after the coincidence units in this diagrem were constructed
in a single module,their circuits being similar to the logie
circuitry employed in the diseriminetor after the comparator
stage with minor additions,

3.9 ZIhe Multi-chapnel Analyser Coding Unit.

In many modern multi-channel pulse height analysers,
a facility 1s provided whereby one may route the input
analysed pulses into various sections of its chamnnel storage
or indeed inhibit it from carrying out the pulse height analysis
at all, depending on the gating signals associated with the
input pulse to be analysed, To achieve the desired routing,
the gating pulses must be of the correct size and shape, and
mist be applied in a certain coded pattern to the routing
inputs on the multichannel analyser. The unit described in
this piccent section accepts the four gating outputs as shown
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in figure 14 and described in}section 3.1 and performs the
coding in a flexible manner which allowed the splitting up of
the channel storage of both the 512 channel Laben analyser
initially used into sections of 64 or 128 channels, and the
400 channel Laben esnalyser finally employed into sections of
100 channels.

A circuit diagram of the coding unit is shown iIn figure
32, and an examination of this circuit will show that:

A positive input pulse at 'l' will produce a similar pulse
at both 'A' and 'B',

A positive input pulse at '2' will produce a siullar pulse
at both 'A' and 'C',

A positive input pulse at '3' will produce a similar pulse
at both "A' and ‘D', ' |

A positive input pulse at '4' will produce a similar pulse
at 'A', 'BY and 'D',

The sultably codsd signals at 4, B, C, D are fed to a multi
way connector at the rear of their module and hence to a module
containing circuits to be described in the following section
whieh change these R.T.L, pulses to a size and shape sultable
for driving the routing inputs of the multii-channel analyser.
Further the outputs 01, 02, 03, O4 from the coding unit which
reproduce their respective inputs 1, 2, 3, 4 are fed to the front
panel of the unit through a set of relay controlled switches
(not shown). These outputs were fed to scalers and so
allowed - monitoring of the progress of a measurement to be made
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and a check to be performed on the gating of the multichannel
analyser. As a further convenience the relay comnnecting these
outputs to the scalers was driven by cirecuitry (not shown)
controlled from the pulse height analyser, snd thus when the
analysér count ceased (e.g. in order to print out the data
stored) so also did the counting in the scalers.

3.10 Ihe Multi-channel Analvser Shaping Undt.

The eircuit described in this section was designed to
accept pulses from diseriminators, delays, coincidence units
or the coding unit (all as described in the present chapter)
and to produce from these, suitably shaped pulses to apply to
various routing and coincidence inputs in both the Laben 400
and 512 channel snalysers used in the present investigation.
The circuit of one such shaping unit is shown in figure 33,
four of these units being contained in the module shown in
figure 3%,

The input '1' of figure 33 1= taken to a socket on the
front panel cof its module, while input '2' goes to a multl
way connector at the rear of the module and so is connected to
one of the four signsl streams A, B, C, D from the coding unit,
Thus one may drive the sheping unit directly from a socket on
its front panel (when e.g. & simple coincidence spectrum is
desired), or one may drive it through the coding unit to provide
full routing facilities.

Thuse =n input positive pulse at either '1' or '2' will
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trigger the monostable formed by Gl and Il, its period of
~30s being defined by K3 end C1., 1I2 acts as an inverting
stage, its output level ewltching from +3,6V to neasr zero

and remaining so for the durstion of the monostable period.
Pransisters T1 and T2 which are initielly off are switched on
by this pulse, and act as & pulse amplifying stage with

compl imentary outputs, Thus & negative /Volt pulse of 3703
duration appecrs st 'A' and a similar tut pesitive pulse at
'B', the former being the desired shape to operate most
routing inputs on the analysers, the latter being required when
it ig desired to use ithe four input mixer in & coincidence mode
on the 512 chennel snslyser. Since neither of the output
transistors 71, 72 ere driven into saturation, the output
impedance at both 'A' and 'B' is merely their respective
transistor's collector losd, nemely 100JL , '~ Thms they may

be used to drive the pulse height axialysers along long lengths
of 100JL ceble without loss of pulse fidelity at the receiving

end,



CHAPTER ’t
5 . P

The previous chapters have deseribed the eonstruction of the
polarimeter with its associated electronic eircuitry used to
obtain the final results in the present investigation, The
current chepter will relste the investigations made with or
associated with the present polarimeter end will consider the
data handling techniques evolved and the reliability of the

system,

Although in the pravioﬁs chapter it was indicated that a
~/1/us resolving time was used in the coincidence circuitry
associsted with the polarimeter, this circuitry was designed
to allow a flexible choice of resolving time depending on the
experimentally observed count rates. The RF ion source
supplying the CockcrofteWalton was theoretically capable of
providing ion beams of up to lmA, however experimentally a
5D/pl beam on target was found to be 2 more realistically
obtainable maxirmm, Thus such a beam accelerated through a
600kV potential and incident upon a thick titanium - deuterium
target produces vhat is representalive of the highest neutroch
yields st which measurements were performed. Yet under such
conditions, the typical count rate in s liquid scintillator
mounted within the polarimeter and shi&lded as deseribed in
chapter 2 was 04103/8 for events with a light output in the
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seintillator greater than that due to 100keV recoll electrons,
and this reduced to ~102/S on the rejection of Y-rays by the
pulse shepe discrimination circuit (usually set to reject ~98%

of the XY-rays from a test source of 6009). Thus at such modest
count rates the dead times of a few microseconds in the associated
electronic cireuitry are of no consequence and gain varlstions

in the neutron detectors and their associated electronics due

to count rate ﬂucmntims should be of no importance,

The count rete for neutrons detected in coincidence between
a side neutron detector snd the gas scintillator was for the
above set of sccelerator conditions ~5/8, ihe 'random' rate
with the resolving times as deseribed in chapter 3 being ~ 207
of the ‘resl' rate. Further the pulse height spectrum from
the gas scintillator associated with this random rate fell off
sharply with incressing pulse beight (as did the ungated spectrum
from the ges scintillator) and so if one considers only those
trandom' events falling under the peak in the 'real' gated
spectrum, then the real to random ratic is further increased
by a factor of ~3 + Thus clearly with ihe circuitry of figure
14, no significsnt inerease in data collection rates would have
been gained by reducing the coincidence resolving times in order
to further increase the real to random ratio.

The selected ~1 us resolving times also allowved convenient
pulse shaping to be employed in the pulse smplifiers, Thus
the pulses from a neutron detector pre-amplifier are sharply
rising (£ “Ons), corresponding te the fast decay time of the




1iquid seintillator, and they then decay exponentially with

the integration time constant of the input eirecuit of the
pre-amplifier (selected to bef~0.h/us for the pulse shape
diserimination ecireuitry). These pulses were customarily

RC integrated and differentiated with time constants of O.B/us
in the amplifier, which thereby produced output pulses with
rise times ofAJO.S}ua'with suitably flattened peaks to allow
their pulse helght analysis during the setiling up procedures.
In the case of the gas scintillator, its scintillation decay
time was found to be AJl/us thus to produce similarly shaped
amplifier cutput pulses to those due to the liquld scintillators,
the integration in the amplifier was unnecessary.

Now the discriminators designed as described In chapter 3
trigger whenever an input pulse exceeds the selected level,
Hence with a wide spectium of input pulse heights, the time
from the start of an input pulse to the production of an output
pulse from the diseriminator will have a ‘'jitter' of a
similar magnitude to the rise time of the input pulses, Since
a coincidcnce is determined by an overlap of these rectangular
(constsnt length and amplitude) diseriminator ocutput pulses in
the coincidence unit, then clearly in order to avoid losing
gignificant numbers of real coincidences due to this time jitter
one must ensure that the length of the discriminator output
pulses is not significantly less than the rise time of the
input pulses to the diseriminator. This requirement is
fulfilled, and a margin for timing error left, by using the



above deseribed pulse shaping with the selected«vo,élus
diseriminator output pulse length.

Further it allowed a2 random coincidence rate to be observed
on delaying one input to a coincidence unit byazsjus, and thus
the delay between the four gating signals and the "He linear’
output (as deseribed in section 3.1) was of this magnitude.

Now the 400 channel analyser used to ¢ollect most of the
polarization measurements here reported could be adjusted
(internally by the service engineers) to 'gate' successfully
with all the routing signals delayed w.r.t. the signals to be
analysed, provided this delay was not much greater thanavsyus,
these conditions being satisfied in the present case, The use
of significanily longer resclving tlmes and the consequent use
of ;onger delays to provide the random ratés might necessitate
a com@ensafing delay of the signals to be analysed,

%.2 Erelipinary Chservations

With the electronic set up as described in chapter 3,
one might expect that & 'gated' pulse height spectrum of the
output frem the helium scintillator so recordec and asscclated
with 'real’ neutron coincidences betueen the ges scintillator
snd 3-d4antd’ selutiltetor would exbibit a single pesk corres~
ponding to the energy lost by neutrons from the terget being
scottered by helium nuclei through a mean angle of 120°, the
width of the peak being @z function of the spreasd in incident
neutron energy, the spread in the scattering angle and the



.
resolution of the helium gas scintillator, ©Such a peak was
observed in the 'real and random' spectra, mut even after the
'rendom' events were subtracted, a 'tail' was also observed
to be present,; sueh a2 'real' spectrum being shown in figure 35.

Now the gas scintillator is sensitive to S<rayes, albeit
that the light output from most ¥« ray events 1s considerably
legs than the light ocutput associsted with the desired zcattered
neutrons. DPoersma et ‘1‘(10) have pointed out the desirability
of employing some J-ray rejection eircuitry and have suggested
that the lack of such might be a2 souree of error in Pasma's(lz’)
measurements. Thus to check whether this tail could be due
to X ~rays 'breaking through' the presently employed P,S,D,
circuitry, the count rate of the pulses from the diseriminator
('A' say) attached to a 1iquid scintillator amplifier was noted
dﬂring the recording of such a spectrum, ‘ Then with nc neutron
beam, Y~ray sources (6000, “2ya, pitchbende, thorium) were
placed beside the ges scintillator and a spectrum recorded, the
count rate from the discriminator 'A' once more being noted.
Then these two speectra, normalised to the same total rumber of
ecunts from diseriminator 'A' were compsred. Sueh Yeray
breakthreﬁgh as was found was confined to the first few chamnels
of the spectrum where it possibly amounted to a few per cent
of the counts there reccrded in the run with the neutron beam.
Further it siould be noted that in operation with & nemtron
beam, much of the Y-ray flux will originate in the shiclding
all roun’ the polarimeter, However, in the presently deseribed
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test the source of the Yeray flux was located at the gas
seintillator, and normalisation was made with the count rate at
the l1iquid seintillator, thus ensuring an overestimate of the
effect. Therefore clearly the tail is not produced by Yeray
breakthrough.

To check whether this taill could be due to neutrons reaching
the polarimeter after penetrating the shielding walls, a {(gated)
spectrum was recorded with golid inserts placed in the collimator
beam tube, a boron loaded Z7S seintillator embedded in a
moderator of paraffin wax being used to monitor the neutron yield
from the target and so allow normalisation before comparison of
this spectrur with one taken with the normal inserts. Once
more a2 negligible number of counts were observed, so eliminating
a further possible souree of the tail.

A congideration of the dynamics of n = hBo scattering shows
that for a scattering angle of 120°(Leb) the neutron will lose
approximately half of its energy to the recoiling “He nueleus,
thus the events under the peak of the distribution shown in
figute 35 will correspond to neutrons and hellum nuclei each
recoiling with~ 1.5 MeV of energy. Now the tail of this gated
recoil spectrum rises steeply in the low energy region, indicating
the detection of a considerable number of helium recoils with
less than 0.3MeV of energy. However, the detection efficiency
of the liquid scintillators falls off rapidly for neutron
energies below 1MeV, the detection theshold energy for proton
recoils being ~ O.h4MeV (this corresponding to ~0.1MeV for
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electron recoils), so suggesting that these 0,3MeV “Ho
recoils are not associated with recoiling neutrons of a
similar energy scattered through 120°, Hence it seems
unlikely that the main source of the tail is due to 120°
scattering by the helium gas of low energy neutrons present
in the collimated neutron beam, a conclusion further strengthened
on considering from where such a flux of low energy neutrons
might arise. Some carbon contamination of the target vas
observed, but the ( value for the *2C (d,n) 3N reaction is
mimis 0.26MeV, yet the tail was present at energies close to
this threshold. Possibly the 2H(d,n)3ne neutrons could be
degraded by scattering in the collimator, but the discussion
on neutron collimation end shielding by Langsdorf (48)
indicates that such contamination should be at most only a few
per cent of the direct beam.

Thus from the above obgervations it would appear that the
tail arises from neutrons of ~ 3MeV which pass through the
collimator aperture and yet are scattered by the helium through
angles much less than 120° into the liquid seintillator, thus
producing the low energy helium recoils observed in the tail.
This process 1s possible if one considers double scattering of
the neutrons, once by the helium and once by its solid surrounds
(4n either order) before they are detected by the liquid
scintillators. The large volumes of stainless steel, quartz
and brass to the rear of the helium scintillating volume all

have dimensions comparable to a fast neutron mean free path
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for scattering in them, and further the n - uﬂn scattering
cross-section peaks sharply at small angles. Thus one might
expect a sizeable contribution to the tail from neutrons
scattered by such a route, other scattering routes ineluding
scatters from the walls of the gas seintillator, the aluminium
mounting plate, the liquid seintillator photomltiplier cases,
the cradle end plates etc., also possibly contributing,. 1In
chapter 5 the results of some theoretical computations in
support of this hypothesis will be considered.

Experimental support was obtained by temporarily re-orientate
ing the gas scintillator such that its axis lay transverse to the
neutron beam and most of the large volume of solid material to
the rear of the active volume was removed from direct irresdiationm,
whereupon a substantial reduction (~a factor of two) and
flattening of the tail was observed. Further on placing in
contact with this re-orientated gas scintillator, on its side
remote from the target, a slab of quartz of similar dimensions
to the gas seintillator viewing window, then the (re-orientated)
tail was found to substantially increase (by ~50%) and the
tendency of the tail to rise towards low helium recoil energies
was found to re-appear.

Of the workers listed in table 1, Pasna‘13), Boersma et al, (10),
Behof et al.(e), and Koding and Scholeruann(7) all employed gas
scintillators. Pasna(13) and Boersma et 11.(10) mounted their
gas scintillators with their axis lying along the neutron beam,
as in the present polarimeter (shown in figure 3), however, both
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measured their asymmetry using counters attached to their
coincidence units, and did not record the helium recoil spectira
associated with these coincidences, Behof et 31.‘8)
_a gas seintillator lying trensverse to the neutron beam, and
their paper indicates that they did record the recoil spectra,

employed

however, no mention is made of its shape or of a possible tall.
A1l three of these sets of results were taken with neutron
scattering angles of 120°, while Roding and Seholornann(7)-
employed a forward scattering angle the value of which is not
quoted in their paper. Further they employed a transverse
mounting of the gas scintillator, but did not record the hnliun
recoil pulse height spectrum,

Now in a polarization measurement with the present polari-
meter, the 'expected' neutron scattering asymmetry { £ of chapter
1) will be associated with MHe recolls recorded within the
peaks of the gated recoil spectra, while the many and varied
seattering routes of the neutrons associated with the tails
might suggest that these will exhibit little or no asymmetry.
Thus elearly in order to accurately measure the 'expected'
asymmetry it would seem advisable to record (as in the
present experiment) the helium recoil spectra associated with
neutron coincidences between a2 side neutron detector and the
gas seintillator during a measurement, and in the following data
analysis to make due allowance for the tail, This subjeet will
be further examined in later chapters.
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%.3 Exeliminary Measurements

The preliminary measurements described in the present
section woro’perfornad with the polarimeter mechanically
constructed and aligned as deseribed in chapter 2. Thus the
polarization of the neutrons was studied at a mean laboratory
reaction angle of '+6°. The target material employed eonsisted
of a layer of titanium approximately lmgm/cn2 thick containing
absorbed deuterium and deposited on a copper backing, and was
the thickest Ti-D target available in the laboratory, being
thick for deuteron energies up to~400keV when account is
taken of the~40° angle which the target strip makes with
the deuteron beam. The measurements were mada using a 512
channel Laben analyser to pulse height analyse the pulses from
the helium seintillator, routing to produce the desired gated
recoil spectra being performed into 64 or 128 channel sections
of memory as desired.

As has been previously indicated the Owan(”a) technique
of pulse shape discrimination was initially employed, but the
start of polarization measurements quickly showed up an
asymmetry with the neutron detectors located in the horizontal
plene (i.e, normal to the reaction plane) as well as an expected
agymmetry in the vertical (reaction) plane. This instrumental
asymmelry was traced to a variation in the size of the saturated
Owen output pulses from the 6262B photomultipliers incorporated
in the neutron detectors, and tlms measurement ceased until

circultry was devised and constructed as previously described
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to allow a timing teechnique of P.S5.D, to be employed with the
linear signals from the 11th dynode of the photomultipliers.

The resumption of polarization measurements also proved
a false start, since although the desired null asymmetry (within
statistieal uncertainties) was recorded in the horizontal plane,
en early breakdown of a capacitor in the dynode chain of a
neutron detector caused this detector to be stripped down in
order to remedy the fault and it was found that in additlion a
bubble was occupying possibly a few per cent of the volume of
the associated 'bubble free' scintillator. Since a bubble
gravitates towards the highest point in the liquid seintillator
volume, it may introduce instrumental asymmetries into the
vertical (reaction) plane measurements, and further should the
bubble be due to a2 leak in the seintillator eontainer and so
contain some oxygen, this will poison the P,5.,D. properties of
the Ne2l3 seintillater.

The faulty scintillator was returned to the manufacturer
and while awaiting its return (6 weeks) some running of the
polarimeter was performed with one bubble free (checked)
seintillator, the ungated helium recoil spectrum alsoc being
recorded and used to normalise the coincidence count rate, only
those events in the ungated spectrum above a pulse height
threshold vhich rejected most aﬁraya being used in the
normalisation,

On the return of the second liquid secintillator, once more
bubble free, the full electronic system as described in chapter 3
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was employed, and two measurements were performed to a good
statistical accuracy, one with a recorded accelerating voltage
of 350kV, the other B00kV, these being near to each end of
the useable range of the Cockeroft<Walton accelerator.

The technique used in these measurements (and in all
subsequent ones) was to intersperse readings with the liquid
scintillators in the horizontal plane with those taken in the
vertical plane, thus allowing a continual check on the presence
or lack of instrumental asymmetries. Thus spectra were recorded
in one of the four selectable eradle positions for 15 minutes,
then the data collected was typed out (automatically) on the
typewriter coupled to the pulse height analyser, this taking

~8 minutes. The cradle was then rotated to the next position,
the procedure being repeasted until all four positions were
sampled, Thus such a measurement cycle lasted 90 minutes
and these were repeated until the desired statistical accuracy
was achieved. Since no data collection takes place during

~ 30 mimtes (i.e. 4) of each eycle due to the print out from the
milti~channel analyser, it would seem that longer measurement
times before print out might produce a worthwhile increase in
the data collection rate. However temperature fluctuations
took place in the laboratory leading to gain fluctuations in the
photomultipliers, and further deuteron beam conditions varied
considerably, suggesting that a large mumber of short measurement
eycles might be desirable to average out these variations. Thus

the chosen measurement cycle time was a compromise between this
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jdeal snd the requirement of a good data collection efficlency.

From the filling of the gas scintillator for these
preliminary messurements to its use in teking the last results
described above, a period of ~7 months elapseds During this
time, the light output of the gas geintillator decreased by
a factor of ~3, with a consequent reduction in resolution.
Further on summing the gated recoil spectra from many measure-
ment ecyecles obtained over several days, the downwerd drift of
the light output was noticeable and caused a further loss in
resolution, a typiecal spectrum obltained over a two day period
being as shown in figure 36.

An anslysis of the data taken with the detectors in the
vertieal (reaction) plane showed that indeed the expected
asymmetry was associated with the pesks in the gated recoil
spectra there being little or no asymmetry associated with the
tail, so clearly to obtain an accurdte polarization measurement,
one must estimate the contribution of the tail beneath the peak.
On calculating the asymmetry occurring above a selected pulse
height in the gated recoil spectras, then it was found that the
asymmetry increased as the selected level increased, corres=-
ponding to less of the tall being ineluded in the result.
However as the level approached and passed through the sumnit
of the pesk, the asymmetry remained reasonably constant., Thus
these preliminary results were analysed on the basis that the
tail eontimied its initial downward fall beneath the peak, and
provided little or no contribution to events (in the gated
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recoil spectra) with a light output as large as or greater
than those associated with the summit of the peak. 4n
analysis of results will be presented in a later chapter,
however, briefly these preliminary results analysed in this
fashion indicated a polarization of —0.,13 and — 0,14 with
nominal accelerating potentials of 350kV and 800kV respectively.
This riist sequence of polarization measurements led to
the following thoughts on further possible measurements:
Although these first measurements indicated little variation
of the neutron polarigation with incident deuteron energy,
it was felt desirable io investigate any possiblovanergy
variation with a somewhat thinner target. It was also felt
important to obtain a good evaluation of the 'tail' effects,
and hence good resolution spectra also seemed desirable.
This indicated that in the taking of such results a freshly
filled gas scintillator would be appropriate as would any
technique to reduce the data collection time by, for example,
cutting down the dead time in each measurement cycle associated
with the print out of data from the pulse height analyser,
Further during this first measurement sequence the data
collected during one measurement could amount to ~ 50 sgheets
of output from the pulse height analyser, each sheet containing
512 channels of information. [Even allowing for the fact that
the data was usually spread over less than half of these
channels, the summation of the data from the individual sheets
to produce the desired total recoil spectra vwas a long and
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tedious task, as was the further summation and manipulation
of those parts of the recoil spectra from which the polarization
information was extracted., Thus in any further series of
measurements an sutomated data analysis system seemed desirable
which might allow a 'same day' processing of measurements so
giving a quick indication of the quality of the data (i.e.
the absence or presence of horizontal asymmetries, the statistical

accuracy of the result, the resolution of the spectra etec.).

b

The thin target material selected for use in the final
polarization measurements to be outlined in a following section
was ~ 10CkeV thieck, thus a knowledge of the deuteron accelerating
voltage to within some tens of kilovolis seemed desirable.

Now the Cockeroft-Walton accelerator's potential is measured
by a meter which records the current flowing through an oil
cooled resistor chain connected between the high voltage
terminal and earth. Since the measuring resistor chain was
installed with the accelerator around 1950, it was felt that
some check on the voltage calibration would be appropriate,
and thus before the final measurementis were performed, such a
calibration was attempted by studying /t s Y resonances.

The X «ray detector available end thus employed was a
cylindrical sodium iodide crystel scintillator of Yineh diameter
and 4inch height, mounted on a 58AVP photomultiplier. The

information on the proton induced reactions used was taken
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from 'Energy Levels of Light Nuclel' by Ajzenberg-Selove and
Leuritsen, "9’

With a solid piece of carbon mounted on the target stalk,
and the Yeray detector placed nearby, the 12 ¢ /‘»,X )13
resonsnce which occurs at a proton bombarding energy of 457keV
was first studied, The output from the photomultipliei after
amplification was fed to 2 pulse height asnalyser and spectra
were recorded at various proton accelersting voltages, The
¥-rays emitted in this 4OkeV wide resonance are of 2.36MeV
energy and the step in the yield from the corresponding photo-
peak recorded in the pulse height analyser was used to mark the
resonsnce.

A similar procedure was carried out with a thick evaporated
layer of zinc fluoride as & target, the group of 6-7 MeV Ef-ray:
from the *F (ﬁ5°£2()160 reaction being observed. This
produces a resonance of 160 millibarn cross-section and 3.3keV
width gt a proton energy of 34lkeV, and this was used as &
further reference point. This reasction has another very
strong rescnance at z proton bombarding energy of 87ukeV,
the crosse-section being 54C millibarns, and the width SkeV,
Thus a further step in the yield of 6-7MeV X-rays from the
target'wa; easily observable at this energy, and so provided a
third calibration point.

Figure 37 shows in its top section a2 plot of the observed
3'-ray'yield on pasging through these three resonances (with a

different yield scale for each resonance). The error bars on
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-tho yields are an estimate of the effect of the uncertainty

in the beam current used in the normalisation of these results,
the largest errors being present in the ndalurcments at the
874keV resonance, at which energy the beam current was least
stable.

The lower part of figure 37 is a plot of the accelerating
potential recorded on the meter versus the true accelerating
potential, the three points with their plausible uncertainties
being taken from the three sbove yleld steps, and the straight
line shown dreswn through these points was used subsequently
as a calibration chart. This shows the meter recorded
potential to be consistently 107 too low, confirming the value
of a re-calibration. Further the fluorine resocnances also
ghov by their sharpness that the ripple voltage on the high
voltage terminal must be 10kV or less.

%+.5 Date Handline Technigues

To alléw some sutomation in the analysis of the data
obtained from the polarimeter the recording of the recolil spo&tra
wae chenged from the 512 channel Laben analyser to a more modern
400 channel Laben analyser (when this became available), this
analyser being provided with a tele-type print out which
provides, in addition to typed sheets containing the data stored
in its memory, a punched paper tape with this same data stored
thereon in ASCII code.

A Digital Equipment Corporation PDP-8 computer was
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available within the Department of Physies, it being used in

2 shared real-time access mode to control several experiments.
In such a mode the computer runs under control of a supervisor
programme, the system having been developed by Dr, G, Burns and
Mr, 8,T, Hayes. Thus to use this system to perform a desired
task (e.g. to snalyse the data tapes from the polarimeter)
requires that a programme of instructions is written in a
modified form of 'Imp' - a language similar to "Algol' and
gserviced by the Edinturgh Regional Computing Centre (E.R.C.C.).
This programme is then sent to E,R,C,C, where it 1s 'translated'
by an I.B.M. 360/50 computer into an efficient machine code to
operate the PDP=8 under 'supervisor', this translated programme
being returned in the form of a paper tape to be fed into the
PDP-8 when rewguired.

This system was used to handle the data tapes produced by
the 400 channel analyser coupled to the polarimeter. Sihce the
PDP-8 used possessed only 8K of core storage the data handling
programme written was split into three sections, only one at
a time being fed to the computer in order to minimise the amount
of core storage used and so allow as many other simultaneocus
users as practicable. Even with this subdivision, a2 memory
location was allocated which did not sllow simultaneous operation
with all of the experiments controlled by the PDP=8, These
three data handling programmes operate as described below.

The first programme allows a paper tape produced by the
400 channel Laben analyser to be read into the PDP-8 through
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its high speed paper tape reader, and then checks that this
tape's format is correct, and stores the number of counts from
each of the 400 channels in 400 separate stores. 1.e. Lt stores
the number of counts in channel i (say) in store A (1) (say),

i running from 1 to 400, Then when a further paper tape
produced by the pulse height analyser is fed in, it once more
checks the format and adds the number in channel i of this current
tape to the contents of the store A (1), this being performed for
all 400 channels. One may continue in this fashion until the
desired number of tapes has been summed, and then the contents
of the 400 locations A(i) may be punched out on the high speed
paper tape punch coupled to the PDP=8, the format of this master
tape being similar to that of the individual tapes fed in.

Thus the above programme was used to sum all the data tapes
produced at one polarimeter orientation during a particular
measurement, a facility being provided in the programme to punch
an identifier onto the master tape so produced indicating the
cradle position and the particular measurement. In the analysis
of the data collected in one measurement, this procedure is
executed four times, so producing four master tapes each
corresponding to a particular cradle position, and these tapes
were commonly joined together to provide convenient storage and
handling,

The second data analysis programme merely reads in four
such master tapes, checks that their identifiers show these
to be a 'set', and stores the data thereon on magnetic 'Dectape’,
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2 keyword being introduced at this stage to allow this data

to be ealled dovn from the Dectape in the following programme
for further emelysis. Now this data is contained in four
elements of four hundred channels, each element corresponding
to 2 particular cradle position. Further each such element
contains four one hundred channel spectra,each spectrum
corresponding to helium recoils associsted with one of the four
gating outputs as described in section 3,1. Thus we have 16
one hundred channel gpectra stored on Dectape for each measure-
ment .,

The third data handling programme calls the appropriate
keyword to obtain access to the data stored as above (and
related to one measurement), and then on the selection of two
channel rumberg from the keyboard, the programme sums the
counts between the selected channel limits in each of the 16
spectra. It prints out these totals then caleculates and
prints out the measured asymmetry with its sssoclated statistical
accuracy for this selected part of the spectra, this being
performed for the scintillators lying in both the horizontal
and vertical planes. A fresh pair of channel limits may then
be selected, and the programme will repeat the above calculations
for these new limits until terminstion by the opersztor.

These three progremmes were used with the PDP=8 computer
to process the data from the measurementes reported in section
4,7, In one such measurement typicelly ~ 50 data tapes might
be obtained, and these could be summed by the first programme
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in ~2 hours, the mamuel effort involved in feeding these tapes
to the computer absorbing most of this time. The execution of
the second programme takes only a2 few minutes, and once the
data is stored on Dectape it remains so even after analysis

by programme 3. Thus separate keywords were given to each
complete measurement, a single Dectape providing more than
adequate storage for all the results analysed in this fashion.
The final programme &s described above allowed an evaluation of
the asymmetry corresponding to any selected part of the gated
recoil spectra, the results being returned within a few seconds
of the selection of the desired limits. Thus one could with
ease study the variation of the asymmetry through the peak and

tail areas of the recoll spectra.

4.6 Reliability of the Polarimeter and Accelerator

Before reporting the finel sequence of measurements, the
reliability of the system end such limitations as this imposed
on polarization measurements will be considered.

The electronic units employed with the polarimeter and
designed as described in chapter 3 proved very reliable. Thus
the sauthor can recall but one operastional failure in these
units, the open circuit capacitor causing it being speedily
replaced,

The 512 channel Laben pulse height analyser also proved
extremely reliable, however the more modern 400 channel Laben
analyser, to which data ccllection was transfe?rod to allow
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paper tape produetion, gave considerable trouble and reguired
much attention by its service engineers, Among the troubles
experienced with it were that its analogue to digital converter
drifted and was non linear, and for no apparent reason it would
lose the contents of its memory. This analyser has now been
replaced by its menufacturer, (Laben).

The 'tubble free' liquid seintillators also gave trouble,
both of these leaking shortly after purchase., On being
refilled end re-sealed one once more broke down as described in
section 4,3, and this experience was further repeated several
times, thus requiring the polarimeter to be stripped down and
the cells checked after each sequence of measurements,

As previously recorded, the gas scintillator light output
{(and pressure) declined markedly over a period of some months,
the rete of decline increasing with the frequency of useage
in taking polarization measurements, however, refilling was a
standard procedure customarily taking little more than a day.

The major source of trouble in the taking of the final
measurements was the Cockeroft-Walton accelerator, Although
this trouble was on occasion due to obvious component failures
which could be remedied, most of the time the problem was merely
the inability to produce a useable ion beam. After the first
sequence of messurements, recorded in section 4.3, the accelerator
deteriorated further and 50/uA beams on target could only be
obtained infrequently and at selected energies in gpite of

considersable attention to and replacement of ion source parts.
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Thus when a combination of & fully working polarimeter
system and a2 functioning accelerator finally allowed a sequence
of thin target measurements to take place, these results were
restricted to deuteron energies above 600keV, since a useable
target current (fV50/uA) could not be reliably obtained at
lower energies. Above an ~850kV accelerating potential frequent
discharges from the high voltage terminal caused overloading of
the accelerator and its consequent automatic switeh off. The
difficulties of continually attempting to bring back the
deuteron beam after such events combined with the occasional
loss of data in the memory of the pulse height analyser during
such discharges effectively made measurements impracticable
above such a voltage.

To obtain thin target measurements at deuteron energiles
below 600keV, considerable modifications were made to the ion
source and its associated focussing lens, the result being
that a ~4100/uA beam current was attainable at energies down
to ~ 300keV, albeit that the beam spot was badly focussed, bheing
~lem. in dismeter, and consequently not all of this current
could be obtained on the target strip. While these conditions
remained, further thin target measurements were made at deuteron

energies down to ~300keV,

4.7 Final Measurements.
With the data collection transferred to the 400 channel

Laben anzlyser, measurements re-commenced. Initially a fresh
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target strip of ~850keV thickness was fitted, and this it was
hoped would allow a quick check on the system operation.
However the combination of & freshly filled gas seintillator,
two truly 'btubble free' ligquid seintillators, and reliable
operation from both the pulse height analyser snd the Cockeroft-
Walton accelerator proved difficult to obtain, VWhen a
measurement was performed under difficult beem conditions, a
horizontal asymmetry of a few per cent was recorded, and some
time was spent before this was traced to overeritical collimation
of the neutron beanm, Thms the deuteron beam which was striking
the edge of the target could not quite 'see' all of the gas
scintillator active volume, This was easily remedied by
adjusting the collimator inserts, and successful measurements
were thereafter obtained with this thick target and for acceler-
ating voltages of ~ 660kV and~ B80kV,

Now to obtain an asymmetry measurement to within a statist-
ical uncertainty of * 0,01, one requires to record more than
10,000 real coincidences between the gas scintillator and the
side neutron detectors. ©Since the asymmetry one wishes to
measure to obtain a polarization estimate is assoclated with
the peak in the gated recoll spectrum, only- # of the counts
contained in such a spectrum as figure 35 will be useable.
Further as described in section 4.3 horizontal asymmetry
measurements were interspersed with vertical ones to maintain
a constant check on the quality of the data, and also ~/#% of
the measurcment cycle is taken up by data print out. Thus a
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polarization meesurement taken with a Sblnl bean of 600keV
deuterons on a thick Ti-D target contimues for a few hours
(with the present polarimeter) until a statistical sccursey
of 2 .01 is schieved,

On going to thin targets an obvious drop in count rate
results, this being further exacerbated on going to low energies
by the fall off in the resction crosse-section and in the loss
of foecus of the deuteron beam resulting in a loss of deuteron
beam striking the target strip. Thus should a 90/111 bean of
300keV deuterons be maintained on a 50keV thick Ti.D target
strip, several tens of hours would be required to obtain a
polarizetion measurement to within o statistical sccursey of
27,01 using the adopted procedure, ”t as reported in section
4.3 such results should be taken over as short a period as
possilile to maihtain good resolution spectra.

Fortunately the scquisition of a high speed paper tlape
punch for the 400 channel eanalyser (which allowed its stored
date to be punched out in less than one minute) produced a
substential reduction in the dead time during each measurement
cyele (and further allowed shorter measurement cycles to be
sensibly employed). Also the "thin' Ti.D target now fitted
vas ~ 340 ugn/ex® thiek to the ineident deuteron beam, the
deuteron energy loss therein being 90keV for 800keV deuterons
and 120keV for 300keV deuterons, it being thought that the
appervent slov varistion in the polarization with enmergy did
not just!fy the use of considerably thinner targets with theis
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associzted longer data collection times.

With this target fitted and when a suitable deuteron beam
became available, messurements re-commenced. Since at this
stage the 400 channel Laben analyser became unuseable due to
sporadic memory loss, it was returned to Fuclear Enterprises
for a thorough overhaul, 2nd the first thin terget measurements
vere mede with a borrowed (400 channel Laben) analyser. A
result was obtained st a mean deuteron energy of 8u4OkeV, this
being achieved in one days running., A result at a mean deuteron
energy of 620keV was also obtained, but the deuteron beam was
badly dispiaced at this energy =nd required to be magnetically
steersd irtc tne mein bending magnet. Further loss of beam
current required ion source parts to be replaced, and so this
result took § days to complete. Encouraged by the BO/uA
on target obtainable at this stage, the gns seintillator was
refilled and a result taken on the day following the refill
for a mean deuteron energy of 730keV, this being the best
resolution thin target result obtained.

However on reducing the accelerating potential below
600kV, the deuteron beam current could not be maintained, and
a mumber of modifications were made to parts associated with
the ion source as recorded in the previous section. With
these made, and with the originel cverhsuled 400 channel
analyser once more in use, measurements were performed at mean
deuteron energies of %00keV, 385keV, and 275keV, the 500keV
result taking one day, the other two requiring two days each.
As some check on the possible ageing of targets, the result
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at 385keV was taken with a fresh strip of target material cut
from the seme piece of material as was that strip used for the
840, 730, 620keV results, this material having been stored for
gseveral years in the laboratory, while the results at 500keV
and 275keV were taken with a strip cut from a freshly supplied
piece of target material. No significant difference in
neutron yleld was observed in these three samples, nor was
there eny significant fluctuations in the messured asymmetry.
Thus ended the final sequence of measurement of the
polarization of the neutrons emitted in the 2K(d,n)Bﬂc
reaction at a lab angle of 46°, The results obtained will
be presented in chapter 6.



As reperted in section 1.3, the measured asymmelry & is

related to the polarization P by the relaticn

St AP
vhere (/) 1s the mean analysing power of the polarimeter,
conventiocnally calculated by 'averaging' the analysing power of
the seatterer, in this cese helium, over the neutron scattering
engles employed in the measurement.

Early workers have performed this 'averaging' process by
an spproximate snalytical technique ocutlined by Meier et al.(lg)
and McCormac et al.(lz). Boersma et al.‘lo) have indicaled
that the dimensions of a typleal helium polarimeter are too
lerge for this technique to be used with success, but merely
indicate that they 'mumericaelly computed' their mean analysing
POWEr . More recently Aspelund and Qustafsaon(so) and Miller
et ‘1.(51) have tackled the corrections required to fast neutron
polarization data due to the effects of finite geometry and of
miltiple scattering within the analyser by using Monte-Carle type
computer progremmes to trace the scattering histories of
teimulated’ neutrons., Now as will be seen in the following
sections, the mean analysing power (i.,e. corrected for finite
geometry, mltiple scattering etc.) may be formulated in terms
of multi-dimensional integrals evaluated over the volumes of the

scettering sample and the neutron detectors. Stinmson et a1$52’
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have reported the evaluatlon of such integrals by a regular
sudedivision of both the sesttering sample volume and the solid
angle sub-tended by a neutron detector at the scattering sample.

In the present chapter, the analysing power czlculations
will e presented in terms of mltiedimensional integrals of a
somevhat similar form to those employed by Stinson et al. ‘52)
With simplifications assumed to the experimentel geometlry, certain
guch integrals were initially evaluated by regular subedivision
of the neutrer detector and scatterer volumes, tut the presently
reported treatment uses random Monte=-Carlo type sempling of these
volumes, thus lmposing no constraints on the geometricsl chapes
employed, _

Now the present study has shoun up the importance of
recording the energy spectrum of the hellum recoils assocloted
with neutrons detected in coincidence between the ges seintillator
end the neutron detectors. To obdtain a reliable polarization
mnmt, only a portion of the 'peak’ in sueh recoil spectra
will be utilised, snd thus the variation of the analysing power
scross such peaks will slso be considered.

Further, routes involving double seattering of the neutrons
(with st lenst one of the scstters being due to the helium) before
they sre detected in the liquid seintillators will be considered
in order to plausidbly account for a "tail' in the gated recoil
spsctra, and also to omin some lover uthuto of such doudble
seattering effects which produce contrilutions to the peaks in

the getvd recoll speetra,



79.

Figure 38, which represents a ecross section taken through
the polarimeter in the vertieal (reaction) plane, shows the
co-ordinate system which will be employed in the following
discussion, Thus the origin of co-ordinates is the centre of
the resr fece of the gas scintillator, _‘%, and __é__ being unit
vectors in the directions shown, and % being a further unit
vector projecting vertically out from the plane of the paper.

Consider initiaelly the following simpliﬁ.cd case?

Let a uniforw wonoenergetic neutron flux N5 with phriutim
P2 , travelling in the Z direction be incident upon the gas
geintillator. lLet attenuation of this neutron flux in the
helium gas =nd its container be ignored and further let attenuation
of the scattered neutron flux in the liquid seintillators and their
containers be ignored. Let the detection efficiency of the
l1iquid scintillators remain constant over the spread in neutron
energies in the scattered beam,

Hence the number of neutrons per second detected by a small
volume element v of 1iquid seintillator 'X'(shown in figure 38)
after having been scattered by a small volume element ClU'Of gas

scintillator will be N E %, 6(S> {' + A(e)pco’a¢}iu$u'
pup

where ©, O are the scattering ena szimthal angles as defined in
section 1,2 for the incident neutrons scattered byc[/\rmto c(fv",
these small volume elements being a distance Tapart, &(6) and
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A(e) are respectively the (rueclear) laboratory differential
cross section and the analysing power for the neutrons scattered
in the helilum, 7! 1s the mmber of helium muelel per wunit volume
of the gas scintillator, and F‘x is the probability of a scattered
neutron being detected in the 'X' 1iquid scintillator per unit
distanco travelled therein,

Thus the total number of neutrons per second detected by
the 1iquid seintillator 'X' after being scattered (once) by the

gas sc.’mtillat?r will be : /J’é(e){r 4 A(S)Pum(ﬂ C(‘U‘ C(,U‘
: /\/kx N >

!
e N Ex n 3, say, 3, being & double volume integrsl eveluated

throughout the sensitive volumes of both the gas scintillator
‘and the liquid seintillator 'X°*,

Now due to the symmetry of the system, the count rate in
liquid seintillator 'Y¥', located as shown in figure 38, due to

neutrons scattered (once) by the gas scintillaetor active volume

will be /\/Ey//blf 6(9){’7—5(9)PC00¢)} CLU’CLUJ

o

= N Ey ’/L'32 82y, 32 being evalueted throughout the same
volumes as 3, .

Hence the measured asymmetry & , which is obtained by
rotating the polarimeter and so usés the technique described in
section 1.3 to eliminate both the efficiency factors (Ex’ Ey)

and the varietions in incident neutron flux, will be

. g5 a4
el ! 2
‘ 31 AP
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/ 6(9)/)\(9)(034)((4;((4’4
(5@ i

n
l

P

= PLAI7 " says

where(l\l}is the mean analysing power (to this first approximation)
fhe integrals defining it being evaluated over the same volumes as
31 ) 31 <

To evaluate <Al>, a Monte-Carlo technique using a digital
computer was employed. Trus the volumes of the gas scintillator
and the 1liguid scintillator (i.e. the limits of integration of
the integrals to be evaluated) were sampled in a random manner,
the ‘rectangular' random nmumber distribution used in this process
(and in all other similar calculations outlined in this chapter)
being generated by a power residue method.(53)l«n outline of the
caleulation of (A//is as belowt
Line 1: Set stores [, W equal to zero
Line 2t BSelect the co-ordinates of a point from within the
active volume of the gas scintillator in a random manner.
Select the co-ordinates of a point from within the active volume
of the liquid seintillator in a random manner,
Line 33 For this pair of poinis calculate 6, ¢, and hence 6(8),
A(8), b, using as required the (given) phase shift angles.
Line 4: Increment the store | by the value s(e) A(e) cof .

foag T
Inerement the store W by the value Q@;L
L
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Line 5: Return to line 2 and contimue in this cyecle until the
desired number of samples hes been taken, then proceed to line 6
Line 6¢ Print outT/W, which 1s an estimate of { Al

The results of such a calculation are shown in figure 39,
the phase shift angles for neutron<helium scettering employed in
these calculztions L{2nd in all other results reported in the
present chapter unlegs otherwise stated) being those of Austin
et al.‘l7) extrapolated to an incident neutron energy of 3.3MeV,
neutrons of such an energy being produced in the 2B(d,n)336
reaction for an incident deuteron energy of ~/ 600keV and a
lab., resction angle of 46°, |

Thueg the set of points labelled (Al71n figure 39 represents
a set of values of (Al)calculated as above, and plotted as a
function of the number of times the computational cycle was
performed to obtain the result (labelled 'no. of sub-divisions').
These results show that <AI> rapidly converges with an increasing
number of computational cycles to an aceuracy of an order of
magnitude better than that to which the analysing power of helium
is known (see section 2.1), - Further the ‘straight line labelled
'A'u‘x\in figure 39, represents the maximum valve of the analysing
power of helium ( A (8)) evalusted with the set of phase shift
angles as employed in the caleulation of {Al)above, end ve note
that {Al)aiffers from this meximm value of A(e) by ~ 6%, =

These observations might lead one to expect that the mean
analysing power ia—a slowli #arjiﬁg fﬁhciion of detector and
snalyser size, and is thus uncritical of exact symmetry in the
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