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ABSTRACT OF THESIS 

The present situation regarding polarization of neutrons from 

the D(d,n)3He reaction for deuteron energies < 10 MeV is surveyed 

along with the experimental arrangements used to obtain the data. 

Out of the techniques used before for measuring the D(d,n)3He polar—

ization, two main techniques, used for the measurements reported in 

this thesis, are emphasized. One of them is by scattering from 

helium which is discussed along with calculations performed in order 

to test the degree of agreement between the phase—shifts available 

for determining the 4  H analysing powers. The other is by using 

Mott—Schwinger scattering from heavy nuclei at small angles. This 

one is discussed in detail and the differential scattering cross—

sections at small angles measured to date along with the models used 

to describe them are surveyed. 

Measurements of the D(d,n)31-Ie polarization using both types of 

polarimeter are described. First, two sets of measurements with 

the 4  H polarimeter are described. One of them was carried out at 

an incident deuteron energy of 0.5 MeV; the other one was performed 

at deuteron energies between 1 and 5 MeV. This is followed by a 

description of the Mott—Schwinger polarimeter along with two sets of 

measurements. The first of them was carried out with deuterons 

incident with energy 0.82 MeV and the polarization of neutrons 

emitted at 460  was detected using scattering from lead. The other 

one was mainly for comparison with the measurement carried out at 

0.5 MeV with the helium polarimeter and employed scattering from 

Cu, Pb and U samples. 
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All the results obtained with both polarimeters are discussed 

at the end of the thesis. The resulting D(d,n)3He polarizations 

at reaction laboratory angle 45 ± 5 0 are compared with values re-

ported in the literature for the mean deuteron energy range < 10 14eV. 

Two angular distributions of the reaction polarization reported in 

this thesis are also compared with published values. The measure-

ments with the Mott-Schwinger polarimeter also resulted in differ-

ential scattering cross-sections of Cu, Pb and U at small angles 

which are compared with cross-sections based on optical model 

calculations. Finally both polarimeters are compared and the 

possibility of improving the efficiency of the Mott-Schwinger 

polarimeter is discussed. 
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CHAPTER ONE 

INTRODUCTION 

1.1. Introduction 

One of the main sources used to obtain neutrons of 

several MeV is the D(d,n)3He reaction. It was suggested that a 

strong spin-orbit force exists during the reaction, in order to 

interpret data about the angular distribution of nucleons pro-

duced in the D-D reactions. Following this suggestion 

Wolfenstein2) was able to show that, because of this spin-orbit 

force, the nucleons produced should be polarized even if both the 

incident particles and target nuclei are initially unpolarized. 

Thus the D(d 9n)3He reaction became one of the first sources of polar-

ized fast neutrons, which were used in the early polarization me-

asurments, and a great attention was paid to it, where several 

measurements of the polarization of neutrons produced in this reaction 

were carried out over nearly all the range of neutron energies the 

reaction produces. 

The principle of measuring neutron polarization is well 

known 	In a typical arrangement, fig. 1, a beam of unpolarized 

deuterons from an accelerator is incident on target A19  where a re-

action takes place and neutrons emitted, at angle Ql  are partially 

polarized in direction n perpendicular to the reaction plane. If 

these neutrons are scattered by scatterer A29  then to the right of 

it will be scattered neutrons with spins parallel to n and to the 

left of it will be scattered those of the opposite direction. The 

number of neutrons scattered to either side of A2  with azimuthal 



righ 

olarize 

'left?  

Fig. 1. Typical arrangement for measuring 

neutron polarization 
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angle 0 is: 

N( 2,Ø 	 (1.1.1) 

where a2(En,Q2)  is the differential scattering cross-section for 

unpolarized neutrons and P(E,Q1), P(E,02) are the polarizations 

resulting from the reaction and scattering by A2  respectively. The 

number of neutrons scattered in a given time to 'right' (0= 0) and 

to 'left' (0 =r), say NR  and  NL  respectively, are related to P and 

P as follows: 

C = (N - NL)/(NR + NO = PnP 	(1.1.2) 

Thus the product PP is equal to the asymmetry in scattering 

C and if either P or P is known, the other one can be determined. 

P is usually called the analysing power of scatterer A9. Now if 

appropriate neutron detectors are set at angle 02, to detect neutrons 

scattered to both sides of A21, the asymmetry can be determined. In 

that case when it is required to determine the polarization of 

neutrons emitted from the reaction, a scatterer A2, usually called 

analyser, should be used for which the analysing power can be deter-

mined; it is either one of the spin-zero nuclei or a heavier one. 

Types of analysers, usually used, will be discussed in the following 

sections with emphasis on two of them used during the D(d,n)3He 

polarization measurements described in this thesis. 

1.2. Polarization Detection using Scattering from Helium 

If one of the spin-zero nuclei (such as 41-ie 12C, ...etc.) is 

used for analysing the neutron beam emitted from the reaction the 



analysing power is calculated from the phase-shifts derived from 

the scattering cross-sections. The phase-shifts are best known 

for scattering of neutrons by 4He,12C  and 164) 	Carbon was used 

in the first experiments demonstrating that the polarization of 

nucleons, emitted from the reaction, can be detected using scattering 

from spin-zero nuclei. 

While scattering from 4He takes place, up to neutron energies 

'20 MeV, without excitation of internal degrees of freedoni of the 
c. 

particles, and consequently the resulting polarization is monotonic 

function of energy 8)  it is not the same case with either 12  C or 16o. 
Accordingly the phase-shift analysis, when scattering is by 'He, is 

simpler than in the case of the other two scatterers. Because of 

this, the n-4He phase-shifts are the least uncertain 9010911)  and 

scattering from helium is the most commonly used for detecting neutron 

polarization. The neutron differential scattering cross-section 

was first calculated, for helium, by Bloch 12)  while the resulting 

polarization was given by Schwinger13)  and  Lepore14). 

The most convenient expression for calculating polarization P 

resulting in scattering from spin-zero nuclei, was given by 

Baumgartner et ai.15? 	It is given in the nomenclature of ref. 4)  by: 

= -2 1111 (*h)  
IV 

2 + 1h12  

g = (1/k) E P, (cos )[(t+1)s1n6 e1 A + £sin6e 6L] 

h = (1/k) E PL(1)sin(_c)e8L) 



	

where P and 	- are the Legendre and associated polynomials 

	

and 	- are the phase-shifts for J = £ + and 

J = £ - respectively. 

1 • 2 1 • The existing n.4  Hephase-ahift 

The first nucleon-4He phase-shifts were calculated by 

CritchLteld and Dodder16),  from published p-4He differential cross-

sections; they covered the energy range from 0-95-  3.58 MeV, and 

only accounted for phases with 1 < 2. 

Two basic sets of n 4He phase-shifts were further deduced from 
4- P- tie scattering data: 

) The DGS phase-shifts, originally deduced by Dodder and 

Gammell7) from p-4He scattering data at 5.81 and 9.78 MeV 

and were then supported by n-4He cross-section measure-

ments carried by seagravel8) up to 14 MeV incident neutron 

energy. 

b) The GTP phase-shifts, deduced by Gammel, Thaler and 

pericinsl9) for neutron energies> 10 MeV. 

Two approaches were used to test these two sets of n-4}Ie phase- hase 

shifts. shifts. One approach was to compare measured cross-sections with 

those deduced from the phase-shifts and this procedure usually con-

firmed the DGS set within the experimental accuracy. The other 

approach was by comparing phase-shifts deduced from experimental 

data with DGS values, where such comparison resulted in disagreement, 

particularly for the energy region below 4 MeV. 

Thus a number of measurements on n-4He scattering cross-sections 
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were carried out to test n-411e phase-shifts deduced from p-4  He 

scattering data. Work prior to 1962 were surveyed by Austin and 

Barschall2 , who also contributed a set of nHe phase shifts 

which covered the energy range up to 8 MeV. The Austin and 

Brscha11 (AB) set of phase-shifts was further extended by Hoop and 

Barschall2l) (HB) in 1966 where they surveyed the situation again. 
which 

The (HB) set of phase-shifts covered neutron energies up to 

30 MeV, was based on two independent sets of previously determined 

n-4He phase-shifts and was supported as well by angular distributions 

measured between 6-30 MeV. This set of phase-shifts is in satis-

factory agreement with the DGS set below 10 MeV and with that set 

of n-4He phase-shifts calculated by Weitkainp and Haeberli22),  from 

p-4He phase-shifts above 14 MeV. 

The phase-shifts derived by Sawers et ai.23),  at 1.01 and 2.44 

MeV, from their polarization data, disagreed somewhat with both DGS 

and HB values. 

Morgan et ai.24),  measured relative differential cross-sections 

for n-4He scattering at 22 neutron energies between 0.2 and. 7.0 MeV 

and accordingly represented another set of phase-shifts. For the 

mentioned energy range they concluded that the n-4He scattering is 

satisfactorily described without a need to include, in the analysis, 

phase shifts with £ > 1. 

Using an optical model fit, Satchiér et ai.25),  predicted 

another set of phase-shifts both for n-4He and p-4  Hescattering. 

For n-4  He scattering their optical model fit, primarily based on 

the experimental data of Morgan et ai.24),  was applied up to incident 

neutron energy 18 MeV. 



7 

Recently were published two sets of phase-shifts, obtained 

from fitting together the existing experimental data. One of them, 

published by Arndt and Roper 26),  covered neutron energies up to 20 

MeV, is based on the existing data in this energy range but excluding 

some of them; the cross-sections of Adair27),  Demanins et ale 28) 

seagrave]8) except at 4.53 and 143 MeV and Hoop et al.21)  at 2.02 

MeV and the value of polarization reported by white and Farley29) 

at 3 MeV and 900  were excluded. 

The other one deduced by Stammbach and Walter, where they 

used additional information that could be extracted from data on 

charge symmetric p-4He scattering. For this purpose they included 

in a search first available n-4He data up to 20 MeV, then P_4  He

data and lastly connected the two systems, where they also included 

additional n-4He polarization 	and cross-section data32)  between 

11-21 MeV as well as more D-4He Dolarization data 	Their des- 

cription of both nucleon-4He systems is the more complete in the 

mentioned energy range. 

1.2.2. The degree of agreement between different n-4He phase-shifts 

In order to examine the degree of agreement between the main 

sets of phase-shifts in the energy range <10 MeV, the 4  H analysing 

power, as a function of lab. scattering angle, was computed (using 

the expressions (1.2.1)) applying different sets of phase-shifts. 

Some of the computed angular distributions are represented in 

Figs. 2a and 2b for neutron energies 4 and 7 MeV respectively, where 

for this purpose were used the phase-shifts of Morgan et ale 24), 
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Fig. 2. 	The analyzing power as function of angle, according 

to three different sets of phase-shifts. 



Hoop et al. 21) and Satchler et al. 25). 

In general, the disagreement between the analysing powers, 

related to different phase-shifts is more for forward scattering 

angles (around 600)  where minimum analysing power occurs, than for 

backward scattering angles (around 1200)  where the maximum analysing 

power exists. 

For example the disagreement for the forward minimum at 4.0 MeV 

amounts to 20% and 0.6556  at the backward maximum (Fig. 2a), while at 

7.0 MeV the disagreement amounts to 10% at the forward minimum and 

3% at the backward maximum (Fig. 2b). Thus the uncertainty in the 

helium analysing power is smaller for scattering angles in the 

neighbourhood of 1200  Lab, rather than at 600.  Besides the 

analysing power at 1200  is nearly 1 over most of the energy range 

k 10 MeV), which is not the case at other angles (Fig. 3). 

1.3. Polarization Detection Using Scattering From Heavy Nuclei 

Elastic scattering of neutrons by medium and heavy nuclei is 

also used for measuring the degree of polarization in the neutron 

beam emitted from the reaction. By scattering of 400 KeV neutrons 

through 900  from 11 elements (from Cu to Bi) Adair et ai. 4  found 

that the main features observed for the variation of polarization 

are described by including a spin-orbit coupling term in the optical 

model potential. This was further supported by Remund, where 

he measured and calculated theoretically the differential cross—

sections and azimuthal asymmetries for elastic scattering of 3.3 MeV 

neutrons by Cu, Ta, Pb and Bi at intervals of 15°, between 30-1509 



Fig. 3. 	p 	as function of neutron energy, at 
L  different scattering angis. 

p He 
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and found that the variations of polarization with atomic number 

appear similar to those predicted from his. calculations based 

on the optical model. 

Other measurements of qualitative nature followed; These 

were mainly for comparison with optical model fits. Examples of 

such comparisons are by Olness et ai. 6  who scattered 1.5 MeV 

neutrons through 51.50  by 16 elements, by Ferguson et 	37) who 

scattered 0.4, 0.7 and 1.0 MeV neutrons through 55°  by 14 elements, 

by Gorlov et 	3809) who scattered 4 MeV neutrons by 12 elements 

through different angles varying from 100_1700, and by 

who scattered 4.4, 5.0 and 5.5 MeV neutrons through 400,  600  and 90 

by elements from Ti to Bi. Besides, Morozov et a]. • 41), recently 

scattered 4 MeV neutrons through angles in the range 146-177°  by In, 

Sn, Pb, Bi and U, where they find the backward peak of the differen'. 

tial cross-section, predicted by the optical model, for all 

scatterers except U, but the measured values did not agree with the 

calculated ones. 

More detailed studies of angular dependence of polarization 

are discussed recently by Galloway 42)0 

Elastic scattering of neutrons by heavy and medium nuclei at 

forward small angles (<10°) is of particular interest; Other inter-

actions, spin orbit ones, take place along with the purely nuclear 

one. One of them, so called Mott-Schwinger scattering, which leads 

to large polarization of scattered neutrons will be discussed in the 

following section. 
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1.3.1. Mott-Schwinger Scattering 

When neutrons are scattered by either heavy or medium nuclei 

at considerably large angles (> 100), the short range nuclear inter-

action between the scattered neutron and the scattering nucleus, 

which is satisfactorily described by the optical model of nucleus 4'44, 

is the predominant one. 

At angles smaller than 10°, another long range interaction takes 

place; this one arises between the magnetic moment of scattered 

neutron and the Coulomb field of scattering nucleus. 

This long range interaction was firstly studied by Schwinger45)  , 

where he pointed out that due to such spin-orbit interaction the 

scattered neutrons are polarized. As a similar effect was predicted 

by Mott 46)  for the case when electrons are scattered, it is usually 

called Mott-Schwinger scattering. As the major part of such inter-

action should take place outside the nucleus, and within the screening 

radius of atomic electrons, the range of scattering angles where it 

can be observed is restricted by4 : 

1/ka 2 sin /2 c 1/kR 
	

(1.3,1) 

where k, a, 9 and R are the 	 wave number, the screening 

radius of the atom, scattering angle and radius oi the nucleus 

respectively. 

Applying the Born approximation Schwinger was able to show 

that the amplitude of such scattering is: 

i G.n cot 9/2  (h/Mc)(Ze2/hc) 	 (1.3.2) 

where n is the unit vector defined by KxK0  = n k2  sin Q. 

The substantial contribution of Schwinger scattering to the 
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differential cross-section a(G) for unpolarized neutron is: 

ash () = v2  cot  /2  

[ v = 4 pn  (h/MC)(Zc32/11C) J 

The polarization resulting from Mott-Schwinger scattering is 

given by: 

-k a.v cot Q/2 
sh 	 2TrcY() 

(1.3.4) 

where at  is the total interaction cross-section. 

Thus the polarization resulting in scattering at small angles 

can be determined from the experiment, once both the total and 

differential scattering cross-sections are measured. As the 

differential cross-section is a value of importance when determining 

it is discussed in more detail in the following section. 

1.3.2. The differential scattering cross-section at small angles 

When neutrons are elastically scattered by medium and heavy 
have 

nuclei at small angles (< 100), other long range interactions Tto be 

considered, along with the short range nuclear interaction, in the 

total potential of the interaction of neutron with the nucleus. One 

of these long range interactions is the one, mentioned before, due 

to Schwinger scattering. This interaction was first studied by 

Schwinger for the case when the incident neutron beam is initially 

unpolarized and by sampie4  for 100 per cent polarized beam, where 

he applied his formula for the cross-section, slightly different from 

Schwinger's, for calculating the cross-section of 3.1 MeV neutrons 

scattered by Pb. The differential cross-section as calculated by 
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Sample is represented in Fig. 4, where it is remarkable that the 

differential cross-section is appreciably polarization sensitive 

for scattering angles < 100. 

Another two long range components were suggested, to partici-

pate in the interaction. One of them, suggested by Fox 48)  , on the 

assumption that the nuclear interaction will not decrease as rapidly 

with increasing distance from the nucleus, was criticized and 

excluded by Wilmore and Hodgson4 . The other one is caused by the 

interaction of the induced electric dipole moment of the neutron 

P 	E (E is the electric field intensity at the neutron's position) 

with the Coulomb field of the nucleus and was suggested by 

Al eksandrov and Bondarenko50). 

The amplitude of such scattering (called polarization scatter-

jug), according to the Born approximation, is 
a 	 _1)Tfl( R)2m = 	[12 Me - 	gR+(gR)3 	2m+1) 2m+3) ] 	(1.3.5) 

mono 

where mn  and R are respectively the polarizability coefficient and 

radius of the nucleus scatterer; g = 2 k. sin /2 

Such amplitude should lead, assuming that the amplitude of 

nuclear scattering is purely imaginary, to the appearance of the 

term Ypol(Q) = f01(9) a in the total differential scattering cross--

section (Q). 

As the effect is connected with the Coulomb field, its contri-

bution to the total scattering cross--section should be at smell 

scattering angles and should manifest itself when neutrons are 

- 

scattered by heavy nuclei. It was also suggested that the effect 



ti. 0 

07 

4.0 

A - differential cross-section for neutrons scattered to 1right' 
B - 	it 	 H 	 11 	 It 	 it 11 	 'left'  
C - 	 7! 	 H 	 11  unpolarized neutrons 

D - 	 H 	 7? 	after Schwinger cross-section 
being subtracted 

C 

3.0 

2.01  Fig. 4. The differential cross-section 
for 3.1 MeV neutrons scattered 
by Pb. 

- 	- - - 	- 	-- 	a 	 -_ 	 -- 	 - - - - I -- 	- 	 _____________________- 	- --- 	 - - - 

2 	 4 	 6 	 8 
	

10 	 13 	14 

Scattering Angle G, degrees 



16 

should increase with diminishing neutron energy'. 

Thus the total scattering amplitude f() is usually repre—

sented as a summation of amplitudes due to scattering on each of 

the total potential's components separately: 

= 	 + 	+ poi.° 	(1.3.6) 

For neutrons with E < S MeV, this solution is va1id5l52)  for 

scattering angles Q> 10' and < 8_100. 

However, Weisskopf and Feshbach53)   were able to show that, in 

the range of studied energies, the optical model for heavy nuclei 

yields a negative real part of the amplitude of elastic nuclear 

scattering and therefore the cross-section due to the flutQfl 

polarizability must be characterized by two terms: 

+ 2 Re fnucl. 	 (1.3.7) 

Thus for incident unpolarized neutron beam the differential 

scattering cross-section is54)  : 

a() 	aflUCl.() + 	+ a 011  (e) + 2 Re 	 f 01  (Q) 

(1.3.8) 

While f 	(Q) can be calculated according to formula (1.3.5) Poi.  
and is positive at small scattering angles, the real part of the 

nuclear amplitude Re f() is calculated within the framework of the 

optical model. As there is still not agreement concerning the 

analytic form and the parameters of the optical potential, the 

estimate of Re 	 is likewise somewhat indefinite 6 . The 

quantity Re 	(Q) is usually negative for heavy nuclei, at 

small scattering angles, and accordingly the two terms of expression 
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(1e3e7) may cancel each other partially or perhaps completely 

depending on the value of an. Thus the contribution of the quantity, 

represented by expression (1.3.7), in the differential cross-section 

depend on the relationship between fp0. () and Re 1'nuc. 1 (Q) and can 

be negative at Re fnucl() < 0. 

In Fig. 5. is illustrated the contribution of expression (1.3.7) 

in the differential cross-section as calculated by Walt and Fossan57)  , 

for scattering of 570 KeV neutrons by Uranium, applying different 

values of a. 

1.3.3. Models used for describing the scattering cross-section 

The interpretation of the experimental data about the differ-

ential scattering cross-section require knowledge of a l () from 

the theory, which in its turn depend on the applied model. Different 

models were applied at different stages to describe cYflucl(). 

Aleksandrov et 	59) assumed that 	 can be described 

with a sufficient degree of accuracy by means of the expression: 

anur 	=AcosQ - B (A>o; B>o) 
	

(1.3.9) 

which was usually normalised using values of a()àt scattering angles 

Q> 100, where the contribution of the long range components is 

assumed small. 

Dukarevich and Dyumln6O)  described the cross-section for nuclear 

scattering by the expression for diffraction of neutrons by a "black" 

nucleus: 

anucl() = A[ 1 (R+ Q) / R+ 	 (1.3.10) 
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Fig. 5. The term 2Ref1  (G)f 01  (G) + 

apoi.(9) as calculated for 

different values of a. 



where R is the radius of the nucleus; 	is the neutron wave length; 

the coefficients A and R were usually normalized from the experimental 

data. 

As the optical model was successful in describing anuci(), 

as applied by Wilmore and Hodgson 44) including compound elastic 

scattering for neutron energies < 5 MeV, it was applied in further 

works according to various modifications of the model. 

Further development in the application of the optical model was 

by Monahan et al,* 61), where they developed a method, for calculating 

the scattering cross-section at small angles, based on the use of a 

potential which includes all the three components and applied their 

method for the case when neutrons of energy 830 KeV are scattered by 

Uranium through scattering angles in the range 100  - 1500 as well as 

for angles 62)  between 1.650_100.  Such an approach allowed simul-

taneous evaluation of nuclear and electromagnetic interactions and 

was further developed and generalized by Redmond52)  and Hogan and 

seyir6 . 

Thus there still exists uncertainty about the value of 

nucl.' as predicted by the optical model, which makes it deter.-

mined within 10-20% accuracy4 . Because of such uncertainty, the 

shape of the differential cross-section curve (i.e. 

anucl.() as a function of scattering angle) as predicted theoretically 

in the small angles range is used to allow extrapolation of the 

experimental cross-section from large scattering angles (where 

is the predominant) to the small angles range (up to 00). 

For scattering angles Q < 8-10°, the degree of agreement 
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between experiment and theory can be tested by the value A deter-

mined as 

A M  a() - ash(Q)  - 	 (1.3.11) 

where 	is the cross-section, associated with the particular 

model adopted. Accordingly the existing situation about the degree 

of agreement between the experiment and theory is represented in 

table 1.1, for scattering of neutrons of several MeV. The optical 

model was applied by all the authors except those of references 58-60)  

where either of the two models, given by expressions (1.3.9) and 

(1.3.10), was used for interpreting the experimental data. 

VThen studying table 1.1, one finds that the neutron differen-

tial cross-section of scattering by nuclei of medium atomic weight 

is satisfactorily described by different models of nuclear scatter-

ing as well as by the optical model of the nucleus. For heavy 

nuclei (such as U. Th, etc.) such agreement between theory and 

experiment was not achieved by all the workers in this field. Such 

anomalies in the scattering of neutrons by such 

66971) were related either to the fission process 62),  e.g. in the case 

when scattering is by U, or to polarization scattering7l). That 

the effect is due to fission process is no more valid assumption as 

both investigations of the angular distribution of fission 

neutrons 6 , at small angles, and measurements, carried out by the 

same authors who suggested the existence of the effect, within 

better statistical accuracy 68)  did not confirm it. 

The assumption about the existence of pclarization scattering 

(discussed recently by Goriov et al. 54) and Leb9deva et al* 72)) 
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Table 1.1: The values of A (given by eqn (1.3.11) for available 
published data. 

Reference En The value of A for the given element 
MeV Cu 	Cd 	In Sn W Au 	Pb Bi Th U Pu 

Alexandrov 58) 2.0  0 0 >0 0 >0 >0 
59) A].exandrov et 0.8 0 0 0 

it 2.8 0 >0 >0 
Dukarevich et al. 60)  14.2 0 0 0 >0 >0 
Walt et al.64  0.57 0 
Alexandrov et a1.6 '66)   0.575 >0 

if  1.3 0 <0 <0 
ft  2.45 0 <0 <0 
?1  4.5 0 >0 >0 

5.6 0 
8.4 0 >0 

14.2 <0 
Gorlov et al. 67)  4.0 0 	0 0 0 0 0 
uc1inir et ai.68) 0.6 0 0 0 

it 0.84 0 0 	0 0 0 
H  1.00 0 0 0 0 
it  1.2 0 0 0 
it 1.6 0 0 

Adam et al. 69)  14.7 0 
Anikin et al. 15b 0.575 0 

1.33 0 0 0 
2.45 0 0 0 

if  4,5 0 0 0 
ft  5.6 0 0 0 

8.4 0 0 0 
piia70) 14.7 0 

if 15 0 



could produce an increase in c(Q) at scattering angles Q < 150 , 
where the magnitude of the increase depend on the electric polar-

izability coefficient a. Such scattering should occur, following 

from the general ideas of theory 	74) for 1-5 MeV neutrons, if 

a is with a value of several times more than 2 x 1042cm3 	. 

The value of a, obtained by Aleksandrov, interpreting his 

experimental data at 2.8 MeV In terms of polarization scattering, 

is 8 x 10'41cm3; Thaler, analysing low energy data of Langsdorf 
76) et 	gave an upper limit for a. which is 4 x 10 41cm3. At 

the mean time the values of a obtained from theory, e.g. the values 

reported by Barashenkov78)0  Moroz et ai. 4  and Breit et 

are substantially smaller than those obtained from experimental 

data. 

Besides Fossan and Walt57)   calculated the contribution of 

polarization scattering in the differential cross-section, for the 

case when 0.570 MeV neutrons are scattered by Uranium, assuming 

different values of a, Fig. 5, where they found that a value of 

a < 2 x -40  (even zero ) is consistent with their experimentally 

measured cross-section at the mentioned energy64 . 

Thus the assumption, that the anomalous scattering is due to 

the neutron polarizability, Is not yet confirmed. It is more likely 

that these anomalies are due to the models used for Interpreting the 

experimental data; some of the observed anomalies disappeared when 

the same data were reinterpreted by a different model (e.g. data of 

Dakarevich et ai.69)  for U at 14.2 MeV, when reinterpreted by 

Aleksandrov et al.66)  and for Th as reinterpreted by paiia °  (see 
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table 1. 1). 

However the analysis carried by Anikir and 	 for 

their data, within the framework of the optical model leads to the 

view that the agreement between the measured angular distributions 

and the calculated ones can be noticeably improved by introducing a 

small correction to the nuclear potential, corresponding to a in the 

order of 2 x 10 0cm3; This value seems to be consistent with 

that one, mentioned before, of Walt and Fossan64 . 

1.3.4. The polarization resulting in Mott-Schwinger scattering  

Schwinger4 predicted that practically complete polarization 

would result from the scattering of 1 MeV neutrons, initially Un-

polarized, by lead through a scattering angle Q = 1.50, and that the 

polarization will decrease to P(Q) = 0.32 at Q 90. 

The first attempts to measure the polarization of a neutron 
79) beam, using Mott-Schwinger scattering, were by io1y et 

80) 	 and 
and Sample et al. 	for few MeV neutron energi es, Jd not lead to 

conclusive results. 

First demonstration of the effect was by Voss and wii8 

where they detected the polarization of 100 MeV neutrons scattered 

by Uranium through angles below 1°. This was supported by Hillman 

et al.82)  where they detected again the effect, using slightly 

different technique, through *°. 

Further calculatiorB of the effect were carried out by Baz83) 

for neutrons of few MeV scattered by Pb. He applied in his calcu- 

lations optical model parameters based on Pb experimental cross-

sections published by ithein84) and obtained the value of polarization 
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as a function of both the incident neutron energy and scattering 

angle. His calculations, presented in Fig. 6, lead to a much 

more rapid decrease of the neutron polarization with increasing 

scattering angle. Besides the values he obtained for 1 MeV 

neutrons are lower than those obtained by Schwinger. These calcu-

lations were supported by the experimental measurements carried out 

by Gorlov et ai.85)  for the case of scattering of 4 MeV neutrons by 

Pb. 

The Mott-Schwinger effect was demonstrated, for neutrons of 

several MeV, by Gorlov et al. 67t86087)  where they detected polari-

zation in scattering of 4 MeV neutrons by 'C, Cu, Su, Pb, Bi and In 

at scattering angles 2°, 40  and 60, by E1wy 	al. 62)  where they 

detected polarization in scattering of 0.3 MeV neutrons from 

Uranium through angles 1.65°, 2.35°, 4.60  and 100  and by Kuchnir 

et 	where they scattered neutrons of different energies, 

between 0.6 - 1.6 MeV, by U. Th, Au, Pb and W through scattering 

angles 1.750, 2.50, 4.0°, 4.5°, 60, 8.00, 100 and  150. 

Measurements carried out by Elwyn at al. for 1 MeV neutrons 

scattered from several nuclei, with Z in the neighbourhood of 40, 

indicated a polarization effect at a scattering angle as large as 

240. While in these measurements the differential cross-sections 

did not exhibit any anomalous behaviour, at the mentioned angle, nor 

did the polarizations observed at other angles (560, 86°, 1180  and 

1500). In order to explain this, as the previous calculations 

restricted Mott-Schwinger scattering by angles < 100, Monahan et ai.61) 

carried out calculations of the effect using more generalised Born 
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approximation; allowed for simultaneous evaluation of nucleon and 

electromagnetic interactions. Such an approach could account for 

a substantial part of the polarization they observed at 240,  even 

when neutrons are scattered from nuclei with moderate charge (zPW 
> 40). 

This approach was further developed by Redmond52)and Hogan and 

seyior6  where it was concluded that the polarization can be in-

fluenced by Mott-Schwinger scattering at angles much greater than had 

been previously considered. 

Thus calculations, carried out so far, of the polarization re-

suiting in Mott-Schwinger scattering lead to different conclusions 

concerning both the amplitude of the effect and the range of angles 

where its influence extends. However, beside the fact that the 

effect has been demonstrated experimentally, all calculations agree 

about its influence at angles < 100. 

1.4. Polarization of N troEJ4;ed from the D(d.n)3He Reaction. 

The polarization of neutrons emitted from the D(d on)He 

reaction was first observed in 1953 by Baumgartner and Huber1589) 

as well as by Ricamo6', where in these experiments Carbon was 

used as polarization analyser. 

Actual measurements of neutron polarization in the D(d,n)3He 

reaction followed by Meier et a1.90), where he measured the polari-

zation of neutrons emitted at several angles from a thin D20 target 

bombarded by 600 KeV deuterons, and by McCormac et 	who used 

a thick target at deuteron energies between 500 and 700 ReV. Again 

in these measurements 12C was used for analysing the emitted neutrons. 
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In order to avoid background difficulties and because of the 

uncertainty involved in the phase-shift analysis, when carbon is 

used as polarization analyser, Levintov et al, 8)  used scattering 

from helium for detecting polarization. In their measurements, 

covering the energy range from 600-1800 ReV, the recoil nuclei 

in 4He counters with directional properties, were detected instead 

of the scattered neutrons. 

At about the same time, 1956, pasma92) employed 4He as polari-

zation analyser in a technique, where scattered neutrons were re-

corded in coincidence with helium recoil nuclei. For this purpose 

he developed a helium gas scintillation counter in which the light 

pulses accompanying the recoil a-particles are detected. 

Since then helium has been widely used as polarization analyser, 

in most of the D(d,n)3He polarization measurements to date (see 

table 1.2). This is due to the fact that building a He gas scinti-

ilator does not involve so many technical difficulties as in the 

case of the liquid one4239394).  Liquid helium ismore efficient 

scatterer scintillator998),  but it demands, beside a liquid helium 

source for ttopping  uo' as loss rates--re,  o:i tho rrc3r,  of 12 ccs 

hour, very low teimerature technique :_ 	hesides thc use of ].iaui 

helium is connected with complications, when analysing the experi-

mental data, of the need for multiple scattering corrections which 

may well be larger than those required for finite geornetry10010. 

}]Iosevor ith the recent improvements of the resolution of liquid helium 

scint I II ators 	the application of a spin precession solenoid between 

the He scatterer and the neutron producing target, for inter-

changing the role of the detectors, is becoming very attractive102). 



Table 1.2: The experimental arrangements so far ued for 
measuring polarization from the D(d,n)-IHe reaction, - 

Reference 	 Target 	Analyser Experimental details 

Meier et al. 90) 	D 2  0 	12C 	2 neutron detectors 

12 McCormac et 	 "Drive in" 	C 	2 neutron detectors 
Cu 

Levintov et al* 8) Zr-D, 150 4He He recoil in directional 
KeV and proportional counters 
thick 

pasma92) 1)20, 50KeV He He gas scintill., 2 
interchangeable 
neutron detectors - 

ane133) "Drive in" 12C 1 neutron side 
Al detector 

t-tavno'?°  1)20 4He He recoil in directional 
proportional counters 

Steuer et ai.104) D20, thick 12 C 

Boersma et 	105) TiD, 50KeV 4He He gas scint., 2 neutron 
detectors with P.3.1).9  
solenoid - 

Rogers et al. 106) D,,0 thick 12C Accelerated beam not 
analysed, 2 neutron 
detectors 

Hansgen et al. 107) D 2  0 thick 12C 2 neutron detectors 
with P.S.D. 

Mulder1() 1)20, 50KeV 4He Diffusion cloud chamber 

Behof et al. 109) 1)20, thick 4He He gas scint., 2 inter- 
changeable neutron 
detectors with y-re- 
jection by timing 

Stoppenhagen et al. 110)  TID, thick 12C Associated 3He time of 
flight, solenoid 

Thomas et al. 111) TID, 4.00 4He He gas scint., 2 neutron 
.Lg/cm2  detectors 
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Table 1.2 (Contd.) 

Reference 	 Target 	Analyser Experimental details 

Prade et al. 112) 	TID, thick 4He 	Expansion cloud chamber 
12 C 	Associated 3He coin- cidence, 1 neutron 

side detector 

Roding et 	113) TiD, 186 4He He gas scint., 2 neutron 
side detectors with y- 
rejection by timing. 

Daebnickhl4) Deuter. 4He 2  H proportional 
gas counters, a scatterer, 

2 interchangeable 
neutron detectors 

Baicker etai.99)   gas 4He Pulsed 'beam time of 
flight, liquid He 
scatterer, 1 neutron 
side detector 

Avignon et ai.115) gas He He gas scint., 2 inter- 
changeable neutron 
detectors 

Dubbledam et al. 116) gas He Solenoid, He gas scint,, 
175- 35OKeV 2 neutron detectors 

May dt al. 117) gas He Solenoid, He gas scint., 
2 neutron detectors 

Niewodniczdanski et a 18)gas  4He He gas scint., 2 neutron 
detectors (interchange- 
able) 

119) Trostin et al. Zr-D, 19 
mg/cm2  

Babenko12  gas 4He He gas scint., 2 inter- 
changeable neutron 
detectors 

Bondarenko et a1.12  4He He recoil in directional 
proportional counter 

Purser et al. 122) gas 4He He gas scint., 2 neutron 
detectors 
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Table 1.2 (Contd. 

Reference 	 Target 	Analyser Experimental details 

Miller 123) 	 4  H 	Pulsed beam time of 
flight, liquid He scint., 
2 neutron detectors 
(interchangeable) 

Lam et al. 12  PLLsed beam time of 
JJght, liquid He scint., 
2 neutron detectors 
(interchangeable) with 
P.S.D., simultaneous real 
and random coincidences 

Drigo et al. 125) TID 	4  H He recoil detection in 
triple proportional 
counter 

Gorlov et ai 85 86134) D20,400KeV U. Cu, Pb,Using Mott-Schwnge 
In, Sn s8attering at 2 , 4 	and 
and Bi 6 

D3vie126) LLD, thin 	4  H He gas scint., 2 neutron 
detectors (inter-change.- 
able) with P.S.D., simul- 
taneous real and random 
coincidences 

Spalek et ai.127) gas,150KeV 	He Solenoid, He gas scint., 
in coincidence with two 
side detectors (plastic 
scint.) 

Gorlov128) In,Pb, Using scattering from In. 
Sn and Pb, Sn and Bi at large 
Bi bacward angles (146 	- 

177 ) 
Smith et ai.129) gas,300- 	4He Liquid 4He, 2 neutron 

400KeV detectors associated 
with time of flight 
technique 
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As the measurements described in this thesis are in the 

deuteron energy range below 10 MeV, the experimental arrangements 

used in the D(d,n)3He polarization measurements, so far reported 

in the mentioned range, are presented in table 1.2. The state of 

neutron polarization in the D(d9n)3He reaction was reviewed on 

several occasions; It was reviewed by Haeberli4  in 1961, 

Alekseev in 164, Meyerhof and Tombrello13  in 1968, and i'•:cenr 

by Galloway 131) and by waiter132). 

Neutron polarization, so far reported for deuteron energies 

< 10 NeV and reaction angle = 45 + 50, are represented in Fig. 7 

where some of the reported data, e.g. data of Hansgen et ai.107), 

Thomas et 	111) Prade et al. 112) and Rogers et al.l06), are 

omitted for clarity. 

These data, not represented in Fig. 7, are in the energy range 

below 1 MeV and support the existence of a peak in the polarization 

at deuteron energy 100 KeV. 

The existence of such a peak was discussed by Fick135 136) where 

he relates it to a narrow resonance in the D-D system. Such an 

explanation was not confirmed by the experiments carried out by 

Ad'eseirch et 	137) using polarized deuterons. 

338- Existing theoriesl143)  do not account for a peak in the 

energy dependence of the polarization in the region below 200 KeV. 

Besides Hansgen and Nitzsche144) , as a result of a new set of 

measurements in the same energy range using scattering from 12 Ct 

do not relate it completely to the D(d,n)3He reaction. In this 

recent explanation they relate the low energy part of the peak to 

the increase of the D(d,n) reaction's polarization and the high 
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energy part to the rapid decrease of the 12C analysing power. 

Although these low energy data were excluded from representation 

in Fig. 79  discrepancies between results reported by different 

authors are remarkable over the whole range; a situation difficult 

to explain. Nevertheless it is worth noting the general trend of 

most of them; if one excludes data of pas,rna92)0 Meier et 

McCormac et 	Roding et 	Baicker et 	Avignon 

et 	115) and that point of Dachnick 4 . The remaining data, 

excluding that point by Levintov et al • 8) at 400KeV, follow a trend 

which supports, at deuteron energy < 1 MeV, the theory of l3oersma. 

There is more basis to support such a trend than the trend of the 

excluded data. For example the data of pasma92) were criticised 

by Boersma 	where he suggested that they should be corrected for 

instrumental asymmetry and even though waiter132), agreeing with 

PaBma, excluded them in his recent review. The other points were 

obtained either using scattering from '2C, e.g. those of Meier and 

McCormac, where the phase-shifts are not as well known as for 

iieiiuml3), or using scattering from helium. Nevertheless one has 

to bear in mind that the data of Roding et al. must have been obtained 

by scattering from helium at an angle where the analysing power is 

poor, this becomes obvious when one compares the low asymmetries they 

report with their polarization values 	and that the data of 

Baicker et al. was obtained using scattering from liquid helium 

where such a technique was still at a preliminary stage, e.g. high 

background and poor resolution. 

Concerning the D(d,n)3He polarization measurements, using Mott- 
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Schwinger scattering, there is only one measurement; it was 

carried out by Gorlov et ai.8586134)  by scattering 1.2 MeV 

deuterons, through angles 20, 40 and 60,  from U, Cu, Pb, In, Su 

and Bi. This measurement, as well as the measurements reported 

recently by Gorlovl28)  and carried out by scattering neutrons, 

produced at deuteron energies 1.2, 2, 2.38 and 2.7 MeV, from in, Su. 

Pb and El through backward angles between 1460 - 177°, is not re-

presented in Fig. 7 as the reaction angle was 370• 

1.5. Conclusion 

As the present situation of the D(d,n)3He polarization, below 

10 MeV, is not completely settled, it is worth while to produce a 

set of measurements, as accurately as possible, in this energy 

range; this would help in resolving the existing discrepancy as 

well as calibrating one of the main sources of polarized neutrons. 

Such a set of measurements will be described in the following 

chapters of this thesis, where they can be classified as: 

Measurements below 1 MeV 

Measurements between l.-  5 MeV. 

Measurements below 1 MeV were carried out using both scattering 

from helium and the Mott-Schwinger one, while the other set, between 

1 - 5 MeV, are by scattering from helium; the most recent measure-

ments, in the latter range, using scattering from helium are those 

of Smith and Thornton129)  represented in Fig. 7; they became 

available after completion of the experimental work described in 

this thesis. 



35 

Measurements at deuteron energies below 1 MeV using both the 

Mott-Schwinger scattering and the helium one should be useful. 

On the one hand if both the measurements will agree, it should be a 

further step towards solving the ambiguity about the energy 

dependence of polarization below 500 KeV. Beside this there is 

still a lack of information concerning scattering from heavy nuclei 

at small angles, so measuring the polarization of the D(d,n)3He 

reaction by applying Mott-Schwinger scattering should result in 

more information about the differential cross-section, of the 

used scatterers, at small angles. 



CHAPTER TWO 

D(d, n) 31le POLARIZATION MEASUREMENTS USING SCATTERING 

FROM HELIUM 
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CHAPTER TWO 

ON MEASUREM 

The measurements described in this chapter, as well as 

those described in the rest of this thesis, are with neutrons 

emitted from the D(d,n)3He reaction; deuterons accelerated to the 

desired energy, bombard a deuterium target; neutrons emitted at 

the angle of interest are then scattered by the analyser, which is 

helium in these measurements. 

Accordingly In the following sections will be described 

the target arrangement (used during all the measurements described 

in this thesis) and the cooling system attached to it, then the 4He 

po].arimeter and finally the actual measurements and their treatment. 

2.1. The Target Arrangement 

The target used Is a TiD (deuterium gas absorbed in 

titanium layer) on a copper backing foil in the form of a strip, 

1.5 cm long and 3 mm wide; it is soft soldered to a specially 

designed brass holder which provided an arrangement for water cooling 

of the target. Such cooling is required to prevent thermal out-

gassing of deuterium. 

The particular design of the target holder (see fig. 8), 

helped to reduce the scattering background, as the material close 

to the target is very little. Besides the target could be 

accurately located, mechanically, relative to the accelerator beam 

tube and the He polarimeter; once it Is aligned,the target holder 

can be removed for replacing the target without a need for realigning 

the whole system when it is fitted again. 
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Circulating cooling water 
going to the target. 

Fig. 8. Photograph of the target arrangement. 



The efficiency of the water cooling system applied to the 

target was studied, in a specially performed experiment. The 

experiment is similar to that one carried out by Rethmeier et al .145) 

for investigating the variation in the target temperature with the 

power of the incident beam; a diagram of the experiment is repre-

sented in Fig. 9, where heat is conducted through a copper rod, of 

the same diameter as the deuteron beam, from an electric heating 

element mounted on its top. The other end of the rod (5 cm long) 

is soldered, in place of the target, to the top of the cooling system; 

the whole system is under vacuum. In such arrangement, the target 

temperature is that one at the contact point between the rod and the 

cooling system; this was determined from the temperature gradient 

along the rod. For this purpose a group of thermocouples were 

employed; six thermocouples were coupled to the rod, through holes 

specially drilled right to its centre, where a distance 7 mm was 

kept between each two of them. 

For studying the power dissipated by the cooling system, 

another three thermocouples were employed; one of them was connected 

to the top of the rod, where the heating element is mounted, see 

Fig. 9, and the other two were dipped into the ingoing and outgoing 

cooling water. 

All the thermocouples, connected to the system, were then 

connected, through a switch, to a digital voltmeter (Solartron type), 

where the measured thermoelectric voltages were typed out. Corres-

ponding temperatures were then determined from calibration chart. 

Thus from the measured temperatures, at the six points along 
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the rod, the temperature at the contact point, with the cooling 

system, was determined by extrapolation; the value AT 

s the difference between the temperatures measured by the two 

thermocouples connected to the cooling water. 	 - 

Three copper rods representing three different beam cross-

sections were used during these measurements; two of them were 

with circular cross-sections, their diameters are 2.5 and 3.5 mm, 

and the third rod has a rectangular cross-section (3.5 x 20 mm). 

Although the system was kept under vacuum, there was a need 

to wrap the rod with rectangular cross-section with asbestos in 

order to prevent heat transfer from its surface; the temperature 

gradient along it was not linear when asbestos was not used. With 

asbestos around the rectangular rod the amount of heat transferred 

from its surface, as estimated from both the power given by the 

heating element and that one conducted through it to the cooling 

system, was not more than 3%. 

The value At was measured for the three rods, varying the water 

flow at a fixed incident power, and it was found that, for all of 

them, A was steady ( 10) at water flows > 7 c.c./sec. Such typical 

dependency is represented in Fig. 10 for the case when the rod, of 

diameter 3.5 mm, was used and the incident power was 46 watts; the 

target-water temperature difference TtT,  was constant for such 

water flows (Fig. 11). 

The value of TtT,  as a function of the incident power is 
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represented in Fig. 12 for the three beam cross-sections. Note 

that the target temperature, at a particular incident power, is 

smaller for the rectangular beam cross-section than the other two 

circular ones (see Fig. 12). The effect of soldering, i.e. a need 

to solder the rod to the cooling system with silver, mentioned in 

ref.145) was not found; the same linearity was obtained (see Fig. 12) 

when the soldering was repeated; the rods were soldered to the 

cooling system with usual soft solder. 

However the target temperature does not exceed 1000C when a 

beam with diameter 3.5 mm is incident with power 75 Watts (see Fig. 

12); accordingly this cooling system is highly efficient as the 

target temperature is nearly half the permissible limit i.e. 2000C. 

This cooling system proved to be efficient enough, during 

actual measurements where a TID target, with 0.9 mg/cm2  titanium 

layer, was bombarded with a 50 i A beam of deuterons incident with 

0.5 14eV energy; the neutron yield from the target reduced to 50% 

of the original value, only after 50 hours of bombardment; a figure 

of merit representing the life of such target 1460147)  is 3 m Ah/cm2 ; 

this value seems to be consistent with the value 2.7 m Ah/cm2  for a 

tritium titanium target reported in ref.147). 

2.2. The Helium Polarimeter 

The helium polarimeter, used during the measurements described 

in this chapter, is schematically represented in Fig. 13; neutrons, 

emitted from the TiD target, pass through the aperture of a throated 

collimator, then scattered by the helium gas scintillator and 

detected by the two side detectors. 
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The collimator itself is of 46 cm length and constructed 

of a steel body narrower at the front than the back; such design is 

meant specially for angular distribution measurements where there is 

a need to rotate the collimator and polarimeter around the target. 

Two layers of lead are included 	in the collimator; the front 

layer, close to the target, is cylindr I cal, 20 cm diam. and 20 cm 

long, and is used to degrade the energy of undesired neutrons by 

inelastic scattering. The back layer, 5 cm thick, is actually 

covering the whole back of the collimator; it reduces the v-ray flux 

resulting from neutron capture in the paraffin wax filling the space 

between the two lead layers. The throat of the collimator is formed 

by brass and polythene inserts, each 5 cm long, so that by varying 

their number, the position of the throat, and consequently the area 

of the helium scintillator illuminated by the neutron beam can be 

changed. The distance between the collimator's throat and the 

source is usually selected on the basis that the solid angle subtended 

by the helium gas scintillator at the target is of a value allowing 

complete illumination of the scintillator by the collimated neutrons; 

this is In order to avoid false asymmetry which might result, if the 

dimension of the incident neutron beam, at the centre of the 4He gas, 

is less than the scintillator's diameter, and if the position of the 

incident deuteron beam at the target is, for some reason, shifted. 

Besides it fulfils the requirement for obtaining the highest 

scattering efficiency of the 4  H scintillator. 

The 4  H gas scintillator in its design is similar to that 

designed by shaniul48);  it is a steel container in the form of a 



cylinder, 5 cm diameter, where its side facing the collimator is a 

hemisphere in shape. Its axial length is 6 cm; the thickness of 

its wall, is 2 mm. The internal surfaces of the container are 

coated with a reflecting layer of aluminium, then with a layer of 

magnesium oxide, deposited eiectrostaticaiiyl49) (up to a thickness 

2 mm) and finally with a coating of di-phenyl stilbene of similar 

	

density and distribution as described l50) 	The other side of the 

container, where it is coupled to the photomultiplier, is a quartz 

window, 2.5 cm thick, coated on the side in contact with helium, 

with di.-phenyl stilbene according to ref.15 u  A cross-section of 

the helium gas container is represented in Fig. 14; it is usually 

filled with 5 atm of Xenon and 65 atm of 4He, in order to function as 

a scintillator; it is usually refilled about every six months; 

this is due to a slight gas leakage 4. 

Each of the two side detectors 	USeS 	 a NE 213 liquid 

scintillator, encapsulated in a special bubble free cell, Nuclear 

Enterprises Ltd. BM modified typo, of 5 cm length and 5 cm diameter, 

with the nitrogen expansion bubble contained in a coiled capillary 

tube on the end face. The use of a bubble free cell is required 

to maintain a detection efficiency unaffected by rotating the two 

detectors, e.g. for interchanging their roles, for checking the 

existence of instrumental asymmetries in the plane perpendicular to 

the reaction plane. 

The three detectors, the 4  H gas one and the two side 

detectors, are mounted on a cradle (see Fig. 15), rotatable accurately 

through angles up to 3600  in 9Q0  steps, about an axis joining both 

the 4  H gas scintillator and the neutron producing target; this 



Stain1.ss steel 
2 cm thick walls 

N 

Fi, 14. Cross section of the 4  H gas scintillator. 



The 
rotating 
cradle 

The TiD 
target 
holder 

/ !1 

Fig. 15. Photograph of the polarirneter. 



49 

cradle, with the three detectors, is the same one used before during 

measurements carried out by Davie below 1 MeV deuteron energy126). 

Although the collimator provides primary shielding, for the 

side detectors, from neutrons scattered from the neutron producing 

target, it was not enough to shield them from other neutrons 

scattered from the laboratory ceiling etc. 

In order not to allow other neutrons, rather than those 

scattered from the helium gas scintiflator, to be detected by the 

side detectors, secondary shielding was used both around the 

polarimeter and on top of it; the shielding is of about 25 cm 

thickness, is built up from the available shielding material; 

blocks of borax loaded resin were used for this purpose (see Fig. 16), 

during measurements (at incident deuteron energies> 1 MeV) which 

took place at UK A.E.A, Harwell; Cans filled with either borated 

water or paraffin wax were used, for the same purpose, during measure-

ments, at Edinburgh University, below 1 MeV. 

2.3. Electronic Arrangement of the Polarimeter 

The electronic arrangement of the polarimeter was developed 

by Davie and Galloway 4)  and is described in more details jul26); 

it applies a coincidence technique to the detection of both the He 

recoils and scattered neutrons. For this purpose the scintillations 

in the 4  H gas are transferred, through the quartz window, to a 

6255 B photomuj.tiplier coupled to the helium container; each of the 

two liquid scintillators is coupled to a 6262 B, EMI type, photo-

multiplier, where a linear signal from the 11th dynode is utilized 



50 

iJeuteron 
beam - 
line 

cooling 
water going 
to the 
target 

0 i1ijtor 

p 
I • 

Fig. 16. Photograph of the polarimeter being surrounded 
with Borax loaded shielding. 
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with circuitry of the same type developed by Ro.sh et ai.151),  to 

provide pulse-shape discrimination against ','-rays resulting from 

neutron capture by the shielding material. Such procedure for 

pulse-shape discrimination was applied instead of the owen1521  

technique as it was found that the latter is affected by rotation 

of detectors, around the axis joining the target and the He gas 

container which can be a source of false asymmetry. The linear 

pulse from 11th dynode was found not to be affected by rotation 4 . 

The electronic block diagram is represented in Fig. 17, two 

coincidence units, 1 and 3, determine (real + random) coincidences 

between the side detectors and the 4  H gas scintillator. The 

other two units, 2 and 49  detect the random coincidences only by 

delaying the pulses from the He scintilletor. 

Thus both prompt and delayed coincidences between each side 

detector and the He gas scintillator are recorded and used to gate four 

pulse height spectra of associated 4  H recoils in the gas scintillator. 

Triple coincidence unit 1 receives from the "right" side scintillator 

an input corresponding to linear signals above 100 KeV electron recoil 

energy and simultaneously a neutron identifying input, which are 

required to be in coincidence with an input from the He gas 

scintillator, where a resolving time of 1 p sec is used. 

Coincidence unit 20  receives signals identical to unit 1 from 

the "right" side scintillator but in coincidence with a delayed input 

from the He gas scintillator; the input from the gas scintillator 

is delayed by 3 P sec. to give outputs which are only due to the 

random coincidences. 
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Triple coincidence units 3 and 4 operate the same way as 

units ]. and 2 respectively but for the "left" side detector. 

Following after coincidence units 1 and 3 were applied 

another two delay units, set at 3 it sec. delay time, to bring all 

the four coincidence outputs into the same time relation with 

respect to the linear output from the 4He gas scintillator; this is 

in order to produce the desired gated spectra. 

Thus to the analyser's memory are transferred, through a 

specially designed routing unit, four spectra; the first two sections 

of the memory record (real + random) coincidences from both 'right' 

and 'left' side detectors respectively, while the next two sections 

record the random coincidences from the same detectors and in the 

same order. Besides the pulses are transferred, through a shaper 

coupled to the routing unit to four scalers. Fig. 18 shows 

typical spectra recorded during measurements for incident deuteron 

energy 2.5 MeV and neutrons emitted at laboratory angle 75; they 

are plotted, in histograms, using a PDP-8 data processor at the 

UKAEA, where each two spectra, related to one of the side detectors, 

are overlapped. 

During the actual measurements, the analyser is connected to 

a high speed paper tape punch; this allowed the four spectra, 

stored in the analyser's memory, to be punched out on a paper tape 

within less than one minute, at the end of the measurement. 

Beside the four scalers, mentioned before, two ratemeters are 

coupled to the electronics; one of them is usually connected to the 

output from the helium gas scintiliator. 	The other ratemeter is 
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connected to the output of a NE-400 scintillator, insensitive to 

y-rays, placed as near as possible to the target (see Fig. 16). 

The readings of these two ratemeters are used to ensure that 

the beam is well focused on the target. 

Two sets of measurements, with the polarimeter set up, were 

carried out. One of them was carried out, using the UKAEA 4.5 MeV 

Van de Graaff, in the deuteron energy range from 1- 4 MeV; the other 

one was carried out using the 0.5 MeV Van de Graaff at Edinburgh 

University. These two sets of measurements will be described in 

the following sections. 

2.4. Measurements Carried Out at Deuteron Energies Higher than 
1 MeV. 

A set of measurements was carried out, with the polarimeter 

set up, using the deuteron beam from the 4.5 MeV Van de Graaff; 

the measurements were carried out in three stages. The first stage, 

just after the 4He gas scintillator was filled, produced a set of 

measurements at incident deuteron energies 1.2, 2.09  3.0 and 4.0 MeV. 

In these measurements the polarimeter was set to measure the 

asymmetries resulting when neutrons emitted from the TiD target at 

laboratory angle 470  were scattered by the 4  H gas. 

The second stage was fulfilled about three months later, with 

the same helium gas scintillator filling, and resulted in a set of 

measurements at incident deuteron energies 1.2 and 2.5 MeV. The 

measurements were for neutrons emitted from the D(d,n)3He reaction 

at angles of 27°, 35 0, 47, 55 0, 65, 75°  and 890  lab, for both 
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energies with an additional measurement at 1050  for 2.5 MeV. 

The third stage was just after the 4  H gas scintillator was 

refilled and it resulted in measurements with neutrons emitted at 

laboratory angle 470, at incident deuteron energies 2.1, 2.5 and 

3.13 MeV and at laboratory angles 55°  and 65°  for 2.5 Melt. 

The deuteron beam currents, used during measurements, ranged 

between 12 pA and 45 iA for incident deuteron energies between 4.0 

and 12 MeV respectively. 

2.4.1. The e2perimenta1p'ocedure 

Every time the polarimeter was set to look at the target at 

an angle Q with the direction of the incident deuteron beam, both 

the target and the centre of the helium gas scintillator were 

optically aligned, 

Once the alignment was achieved, the asymmetry measurements 

started in both the reaction plane and the one perpendicular to it, 

measurements being also performed with the two side detectors 

Interchanged. 

Thus a sequence of four measurements resulted at the end of a 

complete rotation of the cradle carrying the three detectors; the 

cradle being rotated in 90 steps through 3600.  With the cradle 

in positions I and 3 (see Fig. 15), the asymmetry in the reaction 

plane is measured; the one in the perpendicular plane is measured 

with the cradle in positions 2 and 4. Each measurement, with the 

cradle held in a particular position, lasted 1024 seconds; the 

four spectra stored in the analyser (Laben 512 channels) were punched 
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out and the readings of the scalers, coupled to the system, were 

noted. 

Once a complete rotation of the cradle was performed, e.g. 

starting from position 1 and at the end of the measurement at 

position 4, it was then rotated backwards; this way the measure-

ments were again repeated up to position 1. 

Thus the cradle was rotated, i.e. forward up to position 4 

and then backward up to position 1, until a reasonable statistical 

accuracy was achieved for the measured asymmetry. Readings with 

the side detectors in the horizontal plane, were interspersed with 

those taken in the vertical one which allowed a continuous check 

on the instrumental asymmetry. 

2.4.2. The TiDtareLs 

Two thicknesses of liD targets were used during 

measurements 	 both with copper backings. One 

of them, used mainly during measurements at incident deuteron 

energies < 3 MeV, had a titanium layer 0.636 mg/cm'; the ot.ter 

one, used for measurements at incident deuteron energies 2.1, 3t,13 

and 4 MeV, had a titanium layer - 2.9 mg/cm?. 

Considering that the incident deuteron beam, due to the design 

of the target system (see Fig. 8), was at an angle 45°  to the 

perpendicular to the target, the thickness of the titanium layer 

traversed by the incident deuterons is more than the quoted one; 

* All the TID targets, used throughout measurements reported in this 
thesis, were prepared in the rad.iochemica]. centre, Amersham. 



thus the incident deuterons in fact traversed 	titanium 

layers 0.9 mg/cm' and 3.0 mg/cm3  respectively. 
153) The target thicknesses In 	i.e. the energy losses in 

the targets 	 are represented in Table 2.1. 

These values were calculated using the TiD stopping powers given 

by c154). 

Table 2.1. 

Ed 	TiD 	 Thickness 
(MeV) 	Thik 	 (Key) 

mg/cm2  

1.2 0.9 200 
2.0 0.9 150 
2.1 3 450 
2.5 0.9 125 
3.0 0.9 120 
3.13 3 380 
4 3 300 

2.5. Measurements at 0.5 MeV Deuteron Energy 

The polarimeter was set up to measure the asymmetries re—

suiting from scattering of neutrons emitted from the D(d,n)3He 

reaction at an angle 0 = 50 lab., with the direction of the 

incident deuteron beam. 

In these measurements deuterons with energy 0.5 MeV, 

accelerated by the 0.5 MeV Van de Graaff of Edinburgh University, 

were Incident on a TiD target. The target thickness In this case 
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was about 350 KeV. 

The measurements were carried out for comparison with polar-

ization measurements, at the same deuteron energy and with the same 

TID target, carried out using Mott-Schwinger scattering; these 

will be reported In the following chapter. 

The geometry of the experiment was basically the same as 

described in section 2.2.; only the inserts of the collimator, used 

to form a throat, were rearranged. This is in order to allow for 

a distance between the target and the collimator aperture twice 

that during the previous measurements. This arrangement of the 

inserts was made In such a way that the angle subtended by the 

helium gas scintillator at the centre of the target remained the same 

as before, i.e. 3.50
; thus the collimator was no longer throated; 

it became tapered. 

The shielding around the polarimeter, during the measurements, 

consisted mainly of paraffin wax and borated water. 

Following the same experimental procedure, described in the 

preceding section, measurements were carried out with neutrons 

incident on the helium gas and emitted directly from the target; 

the deuteron beam current was about 50 pA, during these measure-

ments. 

Another set of measurements were carried out, at the same 

deuteron energy and beam current, with neutrons emitted from the 

back of the target at 500  lab. These measurements were carried out 

in order to check whether the measured asymmetry could be affected 

by the thickness of brass and circulating cooling water traversed 



by neutrons emitted from the target during the measurements at 

270 and 35 lab. at deuteron energies 1.2 and 2.5 MeV described 

in section 2.4. However it was found that neutrons passing through 

such a thickness of brass and cooling water did not affect the 

measured. asymmetry significantly. The value of the asymmetry 

(%) measured in the reaction plane for neutrons emitted directly 

from the target was -11.3 ± 0.5, in good agreement with a value 

-11.9 + 0.9, measured with the polarimeter looking at the target 

from the back. 

The check on the existence of any asymmetry in the plane 

perpendicular to the reaction plane yielded the values (0.3 ± 1.3)% 

and (0.2 + 1.3)% in each case. 

2.6. The Rate of Collecting Data 

The time required to achieve a statistical accuracy AP in the 
measurement of the D(d,u)3He polarisation P, using scattering from 

4He, in the ideal case e.g. point scatterer and point side detectors, 

is proportional to 4 : 

1 P23 P9  nHe 

He 
(2.6.1) 

where a(,@) is the differential cross-section of scattering, from 4He, 

for unpolarized neutrons at scattering angle Q. 

The denominator of this expression represents a convenient 

figure of merit 94) and, considering its dependence on the scattering 

angle Q. it can be a good guide to the rate of data collection. 



M. 
Such dependency is represented in Fig. 19, for neutron energies 2o, 

3.8 and 6.0 MeV, as calculated using the phase shifts given by 

Satchler et ai.25).  It is remarkable that the rate of collecting 

data, for a particular neutron energy, is maximum at two particular 

scattering angles; one of them is essentially forward and the other 

one is backward scattering angle. These two angles are different 

for different neutron energies (see Fig. 19). While for 2 !V 

neutron energy the backward maximum is higher than the forward one 

(Fig. 19), it is lower than the forward maximum at neutron energies 

3.8 and 6.1 MeV. 

The scattering angle used in the present 4  H polarimeter is a 

backward one (1230);  this angle was chosen because the agreement 

between the analysing powers, deduced from different sets of phase-

shifts, is better than at forward angles (see Section 1.2.2). The 

rate of collecting data should be slower, considering the energy 

of the emitted neutrons as related to incident deuteron energies, 

than is the case when a forward scattering angle is used. Nevertheless 

it was possible to complete a polarization measurement , for a 

particular energy, within a time less than 10 hours. 

2.7. Treatment of the Experimental Data 

The basic steps, required for the treatment of the experimental 

data, were carried out using a Digital Equipment Corporation PDP-8 

computer available in the Department of Physics. Special codes 

were used during these steps. 

The first step was to sum up all the corresponding spectra 



E = 2.0 MeV 

- E11 =3.8MeV 
100j 

90- 

80 

70- 

MM 

/40 

30 

02 

62 

20 	Li•0 0 	80 	100 	120 	140 	160 
Lab. Angle (degrees) 

Fig. J9. The ate of collecting data, as function of 
scattering angle, for neutrons incident 
with di ferent energies. 



63 

(recorded on punched paper tape) resulting with the cradle held 

at a particular position. 

The resulting spectra were punched out on the high speed 

paper tape punch coupled to the computer. In this way all the 

data tapes produced at one cradle position, during a particular 

measurement, were summed onto a master tape which had an Identifier 

indicating the cradle position punched onto it at the beginning. 

In the treatment of the data taken with a particular deuteron 

energy and reaction angle Q, this procedure was repeated four times, 

so producing four master tapes corresponding to the four cradle 

positions. They were then usually joined together, in the same 

order, i.e. from position 1-4, in one tape. 

The next step was, using another code, to store the data con-

tamed in the combined master tape on a magnetic 'Dectape' and a 

keyword, to allow the data to be called down at convenience, usually 

preceded the loading of the data onto the Dectape. Thus for a 

particular polarization measurement 16 spectra were stored on the 

Dectape; 8 of these spectra were (real + random) ones; the other 

eight were the corresponding random spectra. 

The final step, at this stage, was to plot the 8 real spectra, 

resulting after the random ones were subtracted. This was carried 

out, through a special code, with the plotter available at the 

E.R • C • C • and coupled to the IBM 360/50 computer. The resulting 8 

real spectra were plotted with an indication of the statistical 

standard deviation associated with each point. 

Examples of these plottings are shown in figures 20-21, for 
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deuteron energies 1.2 MeV and 2.5 MeV respectively; these measure-

ments were with neutrons emitted from the D(d,n)3He reaction at 550 

lab. In each of these two figures are represented the resulting 

8 recoil spectra, where the upper four spectra are for one side 

detector and the lower four are for the other one. 

Such plottings could help in a preliminary judgement about the 

quality of the measurements. Note that the recoil spectra detected 

in the reaction plane, marked (1) and (3) on Figs. 20- 21, are of 

different heights due to the asymmetry in scattering whereas spectra, 

detected in the perpendicular plane, marked (2) and (4) are almost 

the same, as one would expect. 

2.7.1. The measured asymmetries 

A further stage in the treatment of the experimental data 

was to evaluate the asymmetry from the recoil spectra; this will 

be discussed in this section. 

If the number of neutrons scattered from the helium, in a 

given time, to the 'right' is NR  and that to the 'left' is NL, 

then the ratio: 

(2.7.1) 

is called the right-left ratio. 

From equation (1.1.1) of section 1.1 it follows that: 

r = (1 + PP)/(]. - PPM) 	 (2.7.2) 

Then the measured asymmetry is given by: 

C = PP = (r-1)/(r+1) 	 (2.7.3) 

As two detectors, in this polarimeter, are used for detecting 
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neutrons scattered, from the 4He gas scintillator, both to the 

'right' and 'left', then r should be calculated using the 

following expression: 

r=PRl NR2 

;: c 
(2.7.4) 

where N Rl and NR2 represent the number of neutrons scattered to the 

right as measured by each of the two detectors, while those scattered 

to the left are represented by 11L1  and 1L2'  The duration of 

measurements, as well as the difference in the efficiencies of the 

two side detectors should cancel entirely 4 , when expression (2.7.4) 

is used for calculating r. 

The measured asymmetry was calculated, using a code written 

for the PDP-8. The code is based on expressions (2.7.3) and 
(2.7.4). It calls the data, stored on the Dectape, related to a 

particular measurement, through its keyword. It then sums the 

counts between any two channel numbers selected by the user, for 

each of the stored 16 spectra; it prints out the 16 totals along 

with the two asymmetries accompanied with their standard deviations. 

One of the asymmetries referred to the horizontal plane, the other 

to the vertical plane which should be zero within the limits of 

statistical accuracy. The code allowed this procedure to take 

place within a few seconds from the selection of the two limits. 

In order to determine the proper limits to be used for calculating 

the asymmetry, the behaviour of the asymmetry as calculated by in-

tegrating the whole recoil spectrum, i.e. including the tail, and 

then increasing the lower limit of integration by one channel, was 



studied. For this purpose another two codes were used, written 

for the IBM 360/50 and loaded on the same Dectape on which the 

experimental data are stored. Either of these codes could be 

sent, through the PDP-8, along with the data of a particular 

measurement to the IBM 360/50. 

One of these two codes allowed the plotting of the recoil 

spectrum resulting when all the four real spectra detected in the 

reaction plane were added together, along with each point, was 

plotted, the absolute value of the asymmetry calculated between the 

point where the asymmetry is plotted, and another point chosen al-

most at the end of the upper edge of the spectrum. The code 

allowed the absolute values of the asymmetries to be plotted along 

with the associated statistical accuracies. This code was applied 

to all the experimental data described in this chapter resulting in 

plottings similar to the two represented in Figs. 22-23. It was 

noticeable in all such plottings that the calculated asymmetry 

increased with the increase of the selected channel number; the 

increase of the channel number correspond to the decrease of the 

'tail' contribution in the calculated asymmetry. 

Such common behaviour of the asymmetry further supported the 

view that the tail is due to multiple scattering processes taking 

place in the quartz window and metals surrounding the helium gas 

scintillator, along with scattering by the helium itself94126)  and 

that the asymmetry associated only with the tail is very small, 

either zero or little different from zero. 

The other code does the same as the one described above, only 
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with the four spectra associated with the plane perpendicular to 

the reaction plane. It was applied as well for analysing the 

obtained eperimenta1 data, where a similar picture to that in 

Figs. 24-25 was repeated. Such plottings served as a good check 

on the absence of significant Instrumental asymmetry which proved 

to be almost zero in all the measurements described in this chapter. 

2.7.2. Correction of the measured asymmetries  for the 'tail' effect 

For a start a Monte Carlo code, developed by Davie l26),  for 

simulating the spectra resulting after neutrons incident on the 

helium scintillator are scattered through different routes, was 

used. The code, being amended, calculated three spectra, un-

corrected for the finite resolution of the helium scintillator. 

These spectra are: 

The energy spectrum of the helium recoils in the gas 

scintillator for incident neutrons which are scattered into the 

side detector. 

The energy spectrum of the helium recoils in the gas 

scintillator, due to neutrons which first collide with the helium, 

then with the metal and the quartz volume around the rear of the 

scintillator volume before being detected by the side detector. 

The energy spectrum of the helium recoils in the helium 

gas scintillator, due to neutrons which first strike the metal and 

quartz, at the rear of the scintillator, then recoil off helium 

into the side detector. 

In calculating these three spectra it is assumed that the 
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Fig. 24. The behaviour of the instrumental asymmetry 
associated with measurements at Ed = 1.2 MeV, 
where neutrons are emitted at 470  lab. 
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differential cross-section for the scattering in the metal and 

quartz is a constant, no energy loss takes place in the scatter 

and absorption of the neutron flux in the metal and quartz is 

ignored. 

The results of calculations, applying the code, are represented 

in Fig. 26, for the case when neutrons of energy 3.8 MeV are 

incident on the helium gas scintillator. The phase shifts required 

for the calculation were obtained by interpolation from those of 

Satchier et al. 25). After all the three spectra were gaussian 

smeared, with a F.W.H.M. resolution 301/6, spectra () and (ii) were 

added and the resulting one is represented in Fig. 2.6 where it is 

marked as (a). The spectrum resulting after adding the calculated 

helium recoil spectrum (marked as (b)) to spectrum (a) is represented 

as (c) on the same figure. Spectrum (c)  is very similar to the 

one obtained experimentally and represented in Fig. 26. Such a 

simulated spectrum is calculated ignoring contributions of other 

different routes of scattering (e.g. scattering from the aluminium 

mounting plate beneath the helium gas scintillator, scattering from 

the photomultiplier of the side detector and its brass container 

etc.). Thus one cannot rely completely on such a simulated spectrum 

when extrapolating the experimentally observed tails as it is a very 

crude spectrum. 

The asymmetries were calculated by integrating an area of the 

recoil spectrum taken as: 

(a) The area of the spectrum between the midpoint of the low 

energy edge of the peak and the midpoint of the high 

energy edge. 
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Fig 26 The recoil spectra both as detected and calculated at neutron 
energy 3.8 MeV. 
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The area between the midpoint of the low energy edge and 

the summit of the peak. 

The area between the summit of the peak and midpoint 

of the high energy edge. 

While the asymmetry obtained by integrating area (c) agreed, within 

the statistical accuracy, with the one calculated from (a) it was 

significantly higher than the asymmetry related to (b) and so 

supported the assumption that the tail falls off under the peak. 

The correction for the effect of unpolarized tail was intro-

duced to the experimentally measured asymmetry by subtracting the 

area under the tail from the selected area of the spectrum. The 

tails were extrapolated in the fashion represented in Fig. 27. 

In this way the corrected asymmetry calculated from a selected 

area of the recoil spectrum, between any two limits, agreed, within 

the statistical accuracy, with another one calculated for two 

different limits; the limits being selected in the area of the 

spectrum starting from the midpoint of the lower edge and ending 

within a few channels after the midpoint of the upper edge. 

2.7.3. The corrected asymmetries 

The existence of the low energy tail put some limitations on 

the selection of the area of the recoil spectrum under the peak to 

be integrated for evaluation of the asymmetry; one has to obtain 

asymmetry with the least uncertainty and this can be achieved only 

by reducing the applied correction. 	s the resolution of the helium 

gas scintillator deteriorated with time, the tail effect increased. 
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Fig. 27. The helium recoil spectrum for neutrons 
emitted at 35°  from reaction with 2.5 MeV 
deuterons. The solid line showing the 
tail extrapolation. 
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Measurements carried out with the helium gas just after being 

filled resulted in tails different from those obtained with the 

scintillator a few months after. An example is represented in 

Fig. 28 k, where a recoil spectrum for neutrons of 3.8 MeV energy 

(Fig. 28i) and another spectrum detected after three months for 

neutrons of 3.6 MeV energy (Fig. 28b) are compared. The correction 

required for the latter (Fig. 28b) is more than that for the first 

spectrum. 

On the one hand the tail effect proved to be smaller for the 

asymmetry calculated from the area of the spectrum between the 

summit of the peak and the midpoint of the higher energy edge, 

than for the one evaluated from the area between the summit of the 

peak and the midpoint of the lower edge. However one does not 

wish to lose much of the statistical accuracy. Thus the asymmetry 

was calculated from an area of the spectrum between the midpoint of 

the lower edge and few channels after the midpoint of the high 

energy edge. All the asymmetries obtained with such criteria in 

mind are introduced in Table 2.2. In Table 2.2. are given the 

incident deuteron energies, in the first column, followed by the 

reaction angles, the measured asymmetry c(%), the asymmetry detected 

in the plane perpendicular to the reaction's one (%), the correction 

factor x applied to C and the corrected C(%) is given in the last 

column. 
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Table 2.2: The asymmetries obtained. 

Ed 
(MeV) 

Q 
Lab. 

Measured C 
(%) 

(%) Correction 
factor 	x 

Corrected C 
(%) 

0.5 500 -11.3 + 0.5 0.3 + 1,3 1.09 -12.3 ± 0.5 
1.2 27°  -6.8 + 0.5 1.0 + 0.7 1.10 -7.5 + 0.6 

350 -8.5 ± 0.5 0.3 + 0.6 1.13 -9.6 ± 0.6 
470 -12.0 ± 0.7 0.5 ± 0.7 1.13 -13.6 + 0.8 
550 -13.5 + 0.7 0.1 + 0.7 1.16 -15.7 + 0.8 
65°  -10.8 + 0.8 -0.3 + 0.8 1.10 -11.9 + 0.8 
750 4 ± 0.8 0.7 + 0.8 1.10 -4.8 + 0.9 
890 

 8.2 ± 1.7 -2.5 ± 2.5 1.10 9.0 + 1.9 
2.0 47°  -13.0+1.0 0.8+1.0 1.12 -14.6+1.1 
2.1 470 -13.6 + 0.9 0.5 + 1.6 1.09 -14.3 + 1.0 
2.5 27°  -2.4 + 1.0 2.4 + 1.9 1.12 -2.7 + 1.1 

350 57 ± 0.9 2.0 + 1.6 1.12 -6.4 + 1.0 
47°  -9.8+1.1 0.6+1.5 1.15 -11.3+13 
47°  -12.3 + 1.2 -2.6 + 2.6 1.06 -13.0 + 1.3 
55°  -9.9 + 1.0 -0.6 + 0.9 1.13 -11.2 + 1.1 
55°  -8.9 + 1.3 0.6 + 1.9 1.08 -9.6 + 1.4 
65°  -6.4 + 0.8 -0.7 + 0.8 1.19 -7.6 + 0.9 
650 

 -7.2 + 1.6 0.0 + 2.8 1.07 -7.7 + 1.7 
75°  0.8 + 0.9 -0.2 + 0.8 1.17 o.q + 1.0 
89°  8.3 ± 1.2 -0.2 ± 1.3 1.15 9.5 + 1.4 

1050 
 10.8 + 2.1 0.6 2.1 1.10 11.9 + 2.3 

3.0 470 -8.7 + 1.3 0.3 + 1.5 1.14 -9.9 1.5 
3.1 47°  -8.0 + 1.1 -0.5 + 2.1 1.10 -8.8 + 1.2 
4.0 470 -6.6 + 1.5 1.9 + 1.7 1.14 -7.6 + 1.7 



2.8. Calculation of the Mean Analysin,g Power 

The helium analysing power P is required, according to formula 

(1.1.2) of section 1.1, in order to calculate the neutron polari-

zation P from the measured asymmetry. When applying expressions 

(1.2.1), given in section 1.2, to calculate P account must be taken 

of the scattering angles involved due to the finite sizes of both 

the helium gas scintillator and the side detectors as well as of 

the variation in the D(d,n)3He cross-section when accounting for 

the solid angle subtended by the helium gas scintillator at the 

target. The analysing power calculated with account of these 

factors is called the mean analysing power <P> and will be discussed 

in what follows. 

For a uniform monoenergetic neutron flux Y, incident on the 

4  H scintillator, the number of neutrons detected per second by a 

small element volume dv  of the 'right' detector after being scattered 

by volume dv' of the helium gas, according to formula (1.1.2) given 

in section 1.19  is given by: 
Pr  n c(Q) [1 + PP cos]dvdv = 	 - 	 (2.8.1) 

where P. is the probability of a scattered neutron being detected, 

n is the number of 4  H nuclei per unit volume and ri Is the distance 

between dv and dv'. In practice the target Is located at a definite 

distance from the helium scintillator and one has to consider the 

neutron flux 'Y in suchacase. For a neutron emerging from the target 

at distance L and scattered at a point (x,y,z), from the origin of 

coordinates (x,Y,z) which is located at the rear of the 4  H scintillator, 

the reaction angle Q will be: 



(2.8.2) 

where <> is the mean reaction angle. Considering that the 

fractional variation of the D(d,n)3He reaction cross-section is a 

constant, say A for small deviations from < 0 >, the neutron flux 

at a point (x,y,z) within the gas scintillator will be given 

by126):  

'fri  1 AY 

2  
(2.8.3) 

where V is the mean neutron flux from the target as L 	JxJ, jyj,, 

Izi expression (2.8.3) can be approximated by: 

= 	itIt (1 + ciy) 
	

(2.8.4) 

for a parallel neutron flux, where a is the fractional variation 

of the D(d,n)3He cross-section per unit length traversed in the y 

direction in the 4  H scintillator; a is calculated at the centre 

of the helium gas scintillator and depends on both the deuteron energy 

and the geometry of the polarimeter. 

Substituting 'f as given by expression (2.8.4) in expression 

(2.8.1) the latter becomes: 

P n a(Q) (1 + cLy)(l + PP cos 0)  dvdv' = 	r 	 (2.8.5) 

The total number of neutrons detected per second by the 'right' 

detector after scattering by the 4He scintillator is: 

I 	()(1 + y)(1 + PP cos 0)dvdv' 
Fir  = Y" Fr fl J • 	

(2.8.6) 



This total number for the 'left' detector, which is symmetrical 

to the 'right' one, will be; 

-a.y)(l - PP 008 	
dvdv' 	(2.8.7) 
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As the asymmetry is calculated using expressions (2.7.3) and (2.7.4) 

of section 2.7.1 where the side detectors efficiencies cancel 

entirely, the measured asymmetry, given by expression (2.7.3), 

zili be: 	r 	 1 

ci) P 005 0 dvdv' +dvdv' 
- 	

PflJ 2 
- 	

dvdv' + c P
fl 	 P2 	dvdv' j  

T 
l P 1 n 	 < P >  a 

	

where 1, I, i and 	are double volume irieral calculated 

throughout the volumes of both the 4  H scintillator and side 

detectors. 

Thus the expression for < P> includes both corrections for 

finite geometry as well as the variation of the D(d,n)3He cross-

section with angle and can be approximated126)  as: 

I 	I'  1 (Li 
C nr - 

	

2 	12 

< P1  > + w 	 (2.8.9) 

where w is the 'false' asymmetry due to the variation of the 

reaction angle and < P1  > is the analysing power corrected only 



go 

for the finite geometry. 

A Monte Carlo program, used before by Dav1e126), based on 

expressions (2.8.8) and (2.8.9), was applied for evaluating the 

mean analysing power < P> in which the volumes of both the 411e 

scintillator and side detector are sampled in a random way. The 

sampling process uses a 'rectangular' random distribution generated 

by a power residue method155). According to formula (2.8.8), the 

code should be supplied with an estimation of P, with n-4He phase-

shifts, as well as the fractional variation of the D(d,n)3He cross-

section. The measured asymmetries were used as estimations of 

Pn  and this proved to give < P > with enough accuracy. When trying 

the value of P obtained from this < P> as a more accurate esti-

mation of polarization, the calculation did not result in a signifi-

cant difference in the value of < F>. 

The fractional variation of the D(d,n)3He differential cross-

section a was evaluated from the cross-sections given by Brolley 

and Fowler156)  for each incident deuteron energy and particular 

reaction angle. As the angle subtended by the target at the centre 

of the helium gas scintillator was about 3•50,  the value of a, was, 

in general, small. 

The n-4He phase-shifts, supplied to the code, were obtained by 

interpolation, for each resulting neutron energy, from those of 

Satchier et al. 25). 

A calculation, using the code, resulted in values of < F1>9  

< F> and w with the value of u. usually small, less than the 

statistical accuracy involved, for all the cases under consideration. 



2.9. The Effect of the Tail Correction on the Resulting 

Polarization 

In this section will be discussed, how far different values 

of the asymmetry, obtained as a result of different tail extra-

polations, can affect the resulting polarization P. The follow-

ing discussion is concerning the asymmetry resulting in the 

scattering of neutrons emitted from the reaction, with deuterons 

of incident energy 1.2 NeV, at a laboratory angle 470. 

The tail of the resulting recoil spectrum can be extended 

under the peak according to three, obvious, extrapolations (Fig. 29). 

The tail extrapolation, marked as 1 in Fig. 29, is the one 

which would result assuming that the tail falls off completely 

within the low energy edge of the spectrum, i.e. the tail effect 

does not extend to the area under the upper edge; extrapolation 2 

is according to the simulated tail represented in Fig. 26B; extra-

polation 3 is the extrapolation used for correcting the asymmetries 

reported in the previous section and given in Table 2.2. First 

step was to calculate the asymmetry by integrating first the area 

between the midpoint of the lower edge and the summit of the peak, 

then by integrating the area between the summit of the peak and 

the midpoint of the upper edge and finally by integrating the one 

between the two midpoints. 

Second step was to evaluate the correction factors Tl, 

and 13  for the extrapolations 1-3 respectively; then multiply the 

values of Ti  by the measured asymmetries, as calculated from the 

three areas, to obtain asymmetries C. The same procedure was 

repeated for extrapolations 2 and 3  where asymmetries C2  and C3 
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Fig. 29. Different extrapolations 
of the tail. 



were obtained. 

Finally the corrected asymmetries (i.e. Cl. C2  and c3) were 

divided by the mean analysing power < P>, calculated as described 

in the previous section, to obtain polarization P. The results 

of such calculations are given in Table 2.3; in Table 2.3. are 

given the corrected asymmetries C1, 62  and C3  where each of them 

is preceded by Its correction factor 'r and followed by the resulting 

polarization value. It is remarkable that the three polarization 

values, obtained as a result of a particular extrapolation, agree 

well within the statistical accuracies. 

Calculation of the polarization P obtained from the asymmetry, 

evaluated from the area under the peak and between the two midpoints, 

without applying any tail correction, yielded a value of 

-12.8 ± 0,8; it is significantly different from a value 

14.5 ± 0.9 resulting when the most likely tail correction is applied. 

2.10. The Resulting D(d,iiJ3Me Polarizations 
which 

It has been proved 12  that other corrections Tnigbt contribute 

to the measured polarization, e.g. multiple scattering in the 4  H 

gas scintiflator, scattering in the target assembly etc., are insig-

nificant; accounting for them should give an upper limit far smaller 

than the obtained statistical accuracies. 

Thus the polarization, resulting in the D(d,n)3He reaction, 

can be evaluated from the corrected asymmetries, given in Table 2.2., 

and the mean analysing power calculated as described in Section 2.8. 



Table 2.3. Values of polarization P obtained according to different tail corrections, 

Area of 
Inte- 
gration 

Un-. 
corrected 

C 
Ir C1  T C2 ID  

Lower 
edge -11.77+1.13 1.06 -12.5+1.2 -15.3+1.3 1.10 -12.9+1.2 -13.71.5 1.17 -13.8+1.3 -14.7±1.4 

Upper 
edge -12.430.91 1.00 -12.4+0.9 -13.2+1.0 1.05 -13.1+1.0 -13.9±1.1 1.09 -13.5+1.0 -14.4±1.1 

Between 
the two 
edges -12.00+0.73 1.03 -12.4+0.8 -13.2±0.9  1.00  -i:.o+o.o -13.0.9 1.13 -14.5+0.9 
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The resulting polarizations are given in Table 2.4; in the 

first column of Table 2.4 are given the incident deuteron energies; 

in the following columns are given the mean deuteron energies, cal-

culated considering the energy losses in the targets given in 

Table 2.1, the reaction angles Q. the mean analysing powers and 

finally the resulting D(d,n)3He polarizations (%). 

Average values of the corrected measured asymmetries at 

deuteron energy 2.5 MeV, given in Table 2.2. at reaction angles 
470,  550 and 650, were used along with the mean analysing powers to 

obtain the values of P given in Table 2.4. 

As for the incident deuteron energies 2.0, 2.1, 3.0 and 3.13 

MeV the mean energies are the same, i.e. a mean energy 1.9 MeV 

for incident deuteron energies 2.0 and 2.1 MeV and 2.94 for 3.0 

and 3.13 MeV, the values of Pncan  be averaged. Thus an average 

value of 	for mean deuteron energy 1.9 MeV will be -15.8±0.8; 

for moan deuteron energy 2.94 MeV such average value will be 

-10.3+1.03. These average values will be used in the discussion 

of the obtained results in Chapter IV. 



Table 2.4. The resulting D(d,n)3He polarizations. 

Ed 	<Ed> 	49 	<P> 
(14eV) 	(14eV) 	(Lab) 

0.5 0.33 50 0.89 -13.8 ± 0.6 
1.2 1.1 27°  (.3 - 8.0 + 0.6 

35°  0.94 -10.2 + 0.6 
470 0.94 -14.5 ± 0.9 
550 0.94 -16.6 + 0.8 
650 0.93 -12.8 + 0.9 
750 0.92 -5.2 ± 1.0 
890 

 0.89 10.2 2.1 
2.0 1.90 470 0.93 -15.o + 1.2 
2.1 1.90 47°  0.93 -16.0 + 1.1 
2.5 2.44 27°  0.91 -3.0 + 1.2 

35°  0.91 -7.0 + 1.1 
470 0.92 -13.3 + 1.0 
55°  0.93 -11.2 1.0 
65°  0.94 -8.2 + 1.0 
750 0.94 10 + 1.1 
890 

 0.92 10.4 + 1.5 
105 0.94 12.7 ± 2.4 

3.0 2.94 47°  0.91 -10.9 + 1.6 
3.13 2.94 47°  0.91 -9.7 + 1.3 
4.0 3.85 470 0.90 -8.4 + 1.9 



CHAPTER THREE 

D(d,n)3He POLARIZATION MEASUREMENTS USING 

MOTT-SCHWINGEP. SCATTERING 
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CHAPTER THREE 

D(d,n)3He POLARIZATION MASURITS USING MOTT-SCIINGER 
SCATTERING. 

Although Mott-Schwinger scattering, described in section 

(1.3.1), can be a good alternative to scattering from spin-zero 

nuclei for detecting polarization from the D(d,n)3He reaction, it 

is still not as commonly used as scattering from helium. 

In this chapter two sets of D(d,n)3He polarization measure-

ments using a Mott-Schwinger polarimeter will be described. The 

first measurement was carried out using the deuteron beam from the 

1 MeV Cockcroft-Walton accelerator. The other set was carried out 

using the same polarimeter, being reset with different geometrical 

arrangement, where the deuteron beam was produced by the 0.5 NeV 

Van de Graaff. These two sets of measurements will be described 

in the following sections. 

3.1. The Experimental Arrangement 

The experimental arrangement used during measurements with 

the deuteron beam from the Cockcroft-Walton accelerator, was des-

cribed before157158),  where it was mainly used for differential 

cross-section measurements at small angles. It is shown in Fig. 'O, 

in elevation which gives the relative positions of the T1D target, 

scatterer and monitors. In this arrangement, the vertical ion beam 

from the accelerator, analysed magnetically through 300  (see Fig. TO), 

provided a deuteron beam incident on the TID target. The target 

holder, and cooling system attached to it, is of the same design 
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described in section 2.1. 

Neutrons resulting from the D(d,n)3He reaction and emitted 

at angle 460  lab, to the beam direction, pass through a collimator, 

then are scattered by the scatterer to the side detectors. The 

collimator (50 cm long) is formed from five cylindrical pieces 

of polythene, each is 5 cm in diameter with a 7 mm diameter axial 

hole, fitted together in a brass tube. The scatterer is located 

35 cm from the collimator exit; its diameter (1.2 cm) is slightly 

larger than the neutron beam at this point. 

The two side detectors, for detecting the scattered neutrons, 

are mounted on a special arrangement (Fig. 31) at a distance about 

57 cm from the scattering sample. Each of the two side detectors 

is a 5 mm x 20 mm x 30 mm stilbene crystal with its 20 x 30 mm face 

coupled to a photomultiplier. 	The 30 mm edges of the crystals are 

parallel to the collimated neutron beam axis so that the 5 mm thick-

ness determines the spread in the scattering angle subtended at the 

scatterer. The arrangement, carrying the detectors (Fig. 31), is 

a special rig with which the detectors can be moved by 'screw drivers, 

on accurately machined rails and in this way they can be set to 

detect neutrons scattered at a particular angle. Besides the rig 

itself is rotatable; this allows measurements in either of the 

scattering planes. 

In order to prevent neutrons emitted from the target to be 

detected by the siddetectors, the collimator was built into 

shielding between the target and the detectors, consisting of 90 cm 

of paraffin wax and borated water contained in sealed polythene bags 
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Fig. 31. Photograph of the rig carrying the two stilbene 
detectors. 



inside tin cans. Besides a wall of lead and iron (18 cm thick) 

was applied to reduce '-ray background. The whole detector 

mounting is surrounded by the laboratory wall on one side and 

45 cm of paraffin wax and borated water, as well as 6 cm of lead 

and iron, on the other sides (Fig. 32). Similar shielding was 

applied above the rig, and in this way a well shielded chamber 

results. In its backwall is a hole of 15 cm diameter along the 

collimator's axis which allows theneutron beam to pass through to 

a detector which is used for monitoring the collimated beam. 

3.2. The Electronic Set-up 

The electronic set-up is based on four detectors. Two of 

them, mentioned in section 3.1, are for detecting neutrons scattered 

from the sample, hereafter called stilbene detectors; the other 

two are for monitoring neutrons from the target. 

.acn oi the two stiibene detectors has 	its stilbene 
mounted 

crvtai'with it 20 mi x 50 ram face in optical contact with the 

photocathode of a 56 AVP (Mullard type) photomultiplier. The 

other faces of the crystal are coated with titanium dioxide paint 

as diffuse reflector,with a thin (0.5 mm) aluminium can used as 

light-tight cover. 

One of the other two detectors is set up to monitor neutrons 

coming through the collimator, hereafter called the collimated beam 

monitor (CBM); the other one, placed just under the target, is for 

monitoring the neutron yield from the target and will be called here-

after the target yield monitor (TYM). 
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The CBM is a NE 213 liquid organic scintillator coupled to 

EMI type 6262 B photomultiplier. 

The two stilbene detectors and the CBM are coupled to 

dynode chains, suitable for pulse shape discrimination of neutrons 

against ''-rays. The pulse shape discrimination technique employed, 

for all the three detectors, is the Owen teciinique152). 

The principle of the Owen technique, utilizes the properties 

of the scintillators used in these three detectors. These scintil-

lators, when excited, emit light which decays with fast and slow 

components- 	The relative intensities of the fast and slow components 

depend upon the nature of the incident exciting radiation. For 

neutrons, this ratio of the slow component to the fast is larger 

than for y-rays. This difference results in voltage pulses, from 

the photomultiplier, of different shapes according to the nature 

of the radiation. Allowing saturation of the current between the 

last dynode and the anode of the photomultiplier, the difference 

between the shapes of the pulses is translated into a pronounced 

difference in voltage pulse heights for neutron and gamma signals. 

For the two stilbene detectors this was achieved by biasing the 

anode, a few volts positive, with respect to the last dynode, by 

connecting a suitable resistor between them; for the CBM a separate 

supply was used. About 3.5 volts (positive) were enough to obtain 

the desired effect. 

A typical electronic circuit, coupled to any of the three 

detectors, based on this technique is represented in Fig. 35. According 

to such a circuit two outputs, linear and saturated, are taken from 



P/A - Preamplifier 	AMP - Amplifier 	DIS 	discriminator 

Fig. 33. 	A typical electronic circuit used to 
set up pulse-shape discrimination 



the dynode chain. The linear one is usually taken from one of the 

dynod€s before the last. The saturated output is from the last 

dynode,which k biased a few volts negative with respect to the anode. 

Both the two outputs are coupled to suitable preamplifiers and 

amplifiers. 

The discriminator following the amplifier of the linear output 

was usually set at a discrimination level to reject 0.3 MeV v-rays; 

this was checked using 22Na-y source. 

Pulses corresponding to coincidence between the output of this 

linear discriminator and the corresponding discriminator on the 

saturated output were obtained from the "AND" unit (see Fig. 33). 

Such pulses indicated neutrons above, a set energy level and after 

a logic conversion ("Tr" unit in Fig. 33) could be used to gate the 

pulse height analyser. 

The following step is to vary the bias applied to the anode 

and observe the resulting pulse height spectrum on the analyser's 

screen, using a 100 mCu 210  Po-Besource. When the best pulse shape 

discrimination is achieved (Fig. 34)9  the anode will then be at the 

required bias. 

The final step is to set the discriminator following the 

saturated output at such a level as to reject most ','-rays without 

rejecting neutrons. By suitable setting of the delay units 

attached to the two discrimLnatora, it is possible to inhibit the 

analysis of high energy gamma pulses and the peak due to y-rays is 

thus significantly reduced (Fig. 34)). 

This set-up procedure established optimum gamma rejection and 

neutron acceptance for the two stilbene detectors and CEM. 
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The TYM is a NE 400 scintillator, insensitive to y-rays, coupled 

to EMI 6079 B photoniultiplier; NE 400 type of scintil].ator consists 

of a grooved disc of Boron polyester, with ZnS as scintillator, of 

25 mm diameter and 1.2 mm active layer. 

As such a type of detector is mainly for slow neutrons, it is 

surrounded by 10 cm of paraffin wax to slow down fast neutrons. 

The electronic block diagram is represented in Fig. 35. Both 

the stilbene detectors, as well as the CBM, have got identical 

circuitry. Thus pulses from the four detectors are Led to the 

pulse height analyser (Laben - 512 channels), through its mixer, 

where in the four sections of its memory can be accumulated, during 

a particular time of measurement, four spectra coming from the two 

stilbene detectors, CBM and TYM. 

Besides collection of spectra, the pulses from the CBM and 

TYM are also fed to scalers and rateineters. The scalers are 

controlled by a special "stop start" unit attached to the analyser 

so that counts registered correspond to the interval during which 

spectra are collected. 

For the CBM, as with stilbene detectors, 2 discriminators and 

an 'AND' unit are used to signal neutron pulses above an energy 

threshold, but in addition a third discriminator is coupled to the 

saturated 0/P amplifier with a higher '-rejection setting of 1000 

yrays received to 3 accepted. The discriminator pulses, are 

then fed to the CBM scaler (Fig. 35). 	The TYM scaler is attached 

directly to its discriminator as shown. 

The ratemeters in parallel to the CBM and TYM scalers are run 
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in a continuous sampling mode to assist in the setting up and 

running of the accelerator. 

Once all the electronics are connected, according to Fig. 35, 

the system is tested with neutrons, from the D(d,n)3He reaction, 

emitted from the TiD target. For such purpose each of the stilbene 

detectors was moved to the centre of the beam, while the other one 

was kept at a distance, and then both the gated and ungated spectra, 

taken during the same measuring time, were displayed on the 

corresponding section of the analyser's memory. Such spectra are 

represented in Fig. 36 for both the stilbene detectors, where it is 

remarkable that the pulse shape discrimination spectra, i.e. the 

gated and ungated spectra, have the same height of neutron peak 

which means that most of the y-s are rejected without losing neutrons. 

The CBM, being permanently positioned in line with the 

collimated beam, is similarly treated and similar gated and ungated 

spectra were obtained with the discriminator following the saturated 

output set at a level more than required to obtain gated spectrum 

of the same height as the ungated one; this is to out more y-s as 

the CBM being directly in the neutron beam, is detecting more 

neutrons than either of the two stilbene detectors, and is used for 

monitoring purposes. 

3.3. Experimental Procedure 

The experimental measurements were preceded by accurate align-

ment of the apparatus; this was followed by measuring the beam 

profile. 
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The alignment of the apparatus is carefully checked with a 

telescope placed between the CBM and the two stilbene detectors 

(Fig. 30). The telescope was firstly focussed on the target, then 

on the entrance and the exit of the collimator. The special 

design and position of the target system, made the focussing on the 

target easier. 

After the position of the target has been checked, the next 

step is to focus the telescope on the scatterer and centre of the 

rig
/ 

carrying the two side detectors; the centre of the rig was 

located by carefully fixing cross-wires, which were removed, as 

well as the telescope, after the alignment of the apparatus was 

checked. The whole arrangement was inclined at an angle 150  to the 

horizontal. 

The beam profile measurement is important from several aspects. 

First, of 	all, 	one has to be sure that the beam is well 

collimated, hence the beam profile should be well defined With a 

well defined beam profile both the smallest angle, at which the 

measurements can be made and the angular resolution of the polari-

meter are determined. Besides1 the number of neutrons incident on 

the scattering sample is determined from the beam profile; the 

number of incident neutrons is required for calculating the differ-

ential scattering cross-section. 

The beam profile was measured by scanning the beam diametrically 
t he 

by each of the to stilbene detectors in turn ;detector not scaning the beam was at 

. distance about 10 cm from the centre of the beam in order to 

exclude scattering of neutrons, from it to the one measuring the 
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beam profile. The detector scanned across the beam was moved 

in 2.33 mm steps. It was left in each position to measure the 

number of neutrons incident during 256 seconds. At the end of 

each measurement the spectrum was typed out and the readings of both 

the CBM and TYM scalers were noted. 

The intensity of neutrons incident on the stilbene detector 

was then found from the total number of counts in the neutron peak, 

after the it-rays were subtracted, then normalized with respect to 

the number of counts registered by the TYM. The TYM reading was 

used for normalization, instead of the CBM, as the latter was affected 

when the stilbene detector was in the neutron beam. 

The normalized relative counting rate is then plotted, as a 

function of distance, for both the stilbene detectors. 

The beam profile as measured by each of the two stilbene 

detectors, separately, is represented in Fig. 37, where the solid 

line represents the shape of the beam as expected from the geometry 

of the experiment. The spread in the neutron beam and the full 

width at half maximum (FHII), as found from the beam profile, are 

13.5 mm and 13.1  mm respectively. Such a spread in the neutron 

beam corresponds to an angle of 1.40  measured from the position of 

the scattering sample; the FWHM (i.e. 1.30) corresponds to angular 

resolution + 0.650
. 

Because of the spread in the neutron beam, i.e. 1.409,  the 

smallest angle chosen for measurement was 1.90. 
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3.3.1. =erimentalesuremts usin& scatte rinK from lead 

Measurements were carried out for neutrons scattered from a 

lead sample. This sample was a cylinder, 2.6 cm long and 1.2 cm 

diameter. The measurements were performed with both the stilbene 

detectors set, in the vertical plane, at five small angles, 1.9°, 

2.2 O 	0 	70 	0 so - -- , ... and. 

Neutrons, incident on the Pb sample, were produced in the 

D(d,n)3]-Ie reaction induced with deuterons, accelerated in the 

Cockcroft-Jalton accelerator up to an energy 820 KeV, bombarding a 

thick TiD target. The deuteron beam current, during the measurements, 

was 40A. 

The measurements, at a particular angle, were carried out first 

with the Pb sample in the way of the beam then without the sample. 

The measurement with the Pb sample out of the beam was required both 

for calculating the background and the total interaction cross-

section. The two measurements were repeated in 2048 sec. intervals 

until the required statistical accuracy was achieved. 

3.4. Treatment of the Experimental Data 

The treatment of the experimental data usually started with 

determining from the cumulative scattering spectrum the number of 

neutrons scattered from the Pb sample at the angle of interest. 

This was followed by calculating the differential cross-sections, 

total cross-sections and finally the D(d,n)3He polarization. These 

steps, along with the corrections required, will be described in 

the following sections. 
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3,,  1. Derm.tnation of the number of neutrons scattered at a 

particular ang1e 

The number of neutrons scattered from the Pb sample, at a 

particular angle, was determined from the cumulative scattering 

spectrum, i.e. the one obtained by adding up all the measured 

scattering spectra. As the measurements were in the reaction 

plane, the spectra detected by each of the two stilbene detectors 

were treated separately. 

From the cumulative scattering spectrum the background 

spectrum was subtracted, i.e. the one resulting after adding up 

all spectra measured with the sample removed from the way of the 

beam, normalized to the same CBM reading. 

It has been shown, in section 3.2, how the electronics is 

set up to reduce to a small proportion the number of gammas accepted 

(see Fig. 34). However some of the high energy gammas resulting 

from slowing down and radiative capture processes in the shielding 

material were not removed by this process. 

The scattering spectrum obtained has therefore to be inte-

grated from a particular channel where this high energy gamma con-

tribution is negligible. In order to determine this particular 

channel, the scattering spectrum was overlapped with another two 

spectra, one of them a gamma spectrum, detected by the stilbene 

detector from a v-source and the other one the neutron spectrum 

measured by the same detector at the centre of the neutron beam. 

there was a need 

to check that the pulse shape discrimination output from the stilbene 
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detectors is energy independerit,i.e. the position of the y-peak 

will be the same for y-rays of different energies. This was 

realised by observing, separately, spectra due to v-rays emitted 
from 22Na, Co, 137Cs and Th sources. Although these spectra 

are due to gammas of different energies, when they were detected 

by either stilbene detector, and then all normalised in intensity, 

it was found that they all agree both in shape and position of the 

peak. 	is as the case for both the two stilbene detectors. 

In Fig. 38 are represented such v-spectra normalised to the 22Na 

spectrum, for one of the stilbene detectors. 

Thus the spectrum from the scattering measurement was over-

lapped with both a 22Na y-spectrum and the neutron spectrum, 

measured at the centre of the beam. Both these spectra were 

normalised to the areas under the peaks of the scattering spectrum. 

Such a procedure was carried out for each stilbéne detector and 

for all the five scattering angles. The channel number limits for 

the neutron peak were found to be the same, for a particular stilbene 

detector, at all these angles. The experimental points of the 

scattering spectrum fitted nicely to the overlapped spectra as shown 

in Fig. 39 for the two stilbene detectors at a scattering angle of 

3.40. 

3.4.2. Calculation of the differential scattering cross-section 

The differential scattering cross-section a(), into unit 

solid angle at scattering angle Q. is given by the expressionl59): 

CT 	
Nr2 	 (3.4.1) 
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where N, iJ0, r and n are the scattered neutron flux (neutrons/cm2  

sec), incident neutron flux, distance between detector and 

scatterer, and the number of nuclei in the scatterer respectively. 

Expression (3.4.1) was used for calculating the differential 

scattering cross-sections, for each of the two stilbene detectors 

separately. For such purpose the measured number of background 

neutrons was subtracted from the measured number scattered by the 

sample; both of them being normalized to the same CBM reading 

before subtraction. The ratio of background neutrons to scattered 

neutrons, given in Table 3.1 at the five scattering angles, was 

high and this is typical of small angle scattering experiments. 

Table 3.1 

	

Angle 	Background to scattering ratio 

	

1.9° 	 0.62 

	

2.2° 	 0.58 

	

3.4° 	 0.49 

	

6.3° 	 0.42 

	

11.6° 	 0.41 

As the measurements were carried out in the reaction plane, 

one of the two detectors should be measuring the 'right' cross-

section while the other one is measuring the one to the 'left'. In 

Fig. 40 the cross-sections obtained with both the 'right' and 'left' 

detectors are represented. 
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Fig. 40. The experimental cross-sections as measured 
both to 'right' and 'left'. 

- cross-sections measured with 'right' detector. 

0 - cross-sections measured with 'left' detector. 
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3.4.3. The effect of multiple scattering in the Pb sample used 

In the ideal case, i.e. when a very thin scatterer is used, 

only single scattering occurs in the sample. Due to the thick-

ness of the sample used, scattering processes of higher order, 

e.g. double and triple scattering, can take place, along with the 

single scattering process, before neutrons emerged from the sample 

towards the detector. The detected number of scattered neutrons, 

and consequently the measured cross-section, has to be corrected 

for such an effect. 

This problem was approached differently by several authors. 

Some of them used an analytic procedure 6  to account for the 

effect, others calculated the effect using an approximate analytical 

method coupled with a Monte Carlo method In order to calculate the 

multidimensional integrals involved160161162). 

As a first step towards the evaluation of the effect for the 

scatterer used, the elementary scheme of scattering used by 

Dukarevich et al.6  was applied according to which the neutron is 

scattered first through an angle Ql in a solid angle d w1. The 

second scattering is in the solid angle d wo  and a direction making 

an angle Q2  with the direction Oi notion after the first scattering 

and an angle Q0  with the initial direction. 	Q 2' Q,and Q. are 

related, in the case when the foregoing angles are < 300, by the 

expression: 

= 	Q21  +- 2Q10  cos a 	 (3 • 4.2) 

where a is tho angle between the planes in which 01 and golie. 
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Approximately the first maximum of the function given by 

expression (1.3.10)9 of section 1.3, for diffraction of neutrons 

by a 'black' nucleus, is given by the Gaussian function 60): 

d o()
= 
 d o(0) e  k2Q 	 (3.4.3) 

do 	d  

where Ic = (H + 

Following the formulae given in ref.60)  for the total number 

of neutrons which are doubly scattered in a solid angle d w0, it is 

easy to deduce an approximate expression for the ratio of the total 

number of neutrons d N2  which are doubly scattered, at angle QO#  to 

the total number of incident neutrons N0. Such a ratio will be 

given by: 

d N 2 	 ____  _____ 	 (dn)2  çd_a(0)-t 	r 
N 	= d W0  exp(-at nd) 2 	d 	j 	exp(- k2Q) 	(3.4.4) 

where d is the scatterer's thickness, n is the number of nuclei per 
3 	 dc7(0) cm and 	is the total cross-section. Both k and d 	were 

determined from a plot of Ln[d a(Q)/d w] versus Q. From the slope 

of the resulting straight line Ic was determined; extrapolation to 

the angle Q = 0 yielded the uncorrected value of d c(0)/d w. 

The effect of double scattering in the Pb sample, calculated 

using this procedure, was found to be 12A at a scatte:cing angle 

= 1.9°. 

For accurate calculation of the effect of multiple scattering, 

in the Pb sample, the Monte Carlo code used by Kuchnir et a1. 68) was 

applied. The code 163)  calculates four fundamental scattering 

probabilities: 
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P = probability per unit solid angle that the neutron will be 

scattered in the direction of the detector after its first collision 

in the sample; 

P1  = probability per unit solid angle that the neutron will 

emerge from the sample in the direction of the detector after 

exactly one collision; 

probability per unit solid angle that the neutron will 

emerge from the sample in the direction of the detector after 

exactly two collisions; 

P3  = probability per unit solid angle that the neutron will 

emerge in the direction of the detector after exactly three 

collisions. 

The ratio of the total number of scattered neutrons to the 

number of singly scattered ones is equal to 163): 

(P1  + P2  + 
	

(3.4.5) 

As multidimensional integrals are involved In the 

expressions 163)  used for evaluating P 2  and P3  the code calculates 

them using a Monte Carlo method. The code traces a sufficient 

number of histories in order to determine P2  and P3  so that the 

errors on (P + P2  + P3) are comparable with those of the angular 

distribution measurements. 

The effect of multiple scattering, calculated applying the 

code, for the Pb sample used amounted to 14.6 at a scattering 

angle of 1.9°  decreasing to 11% at 11.60 . 
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3.4.4. Calculation of the D(d,n)3He neutron polarization 

According to expression (1.1.2) of section 1.1 the product 

P P will be given by: 

cy(Q,O) - P p 	= 0(,O) + (3.4.6) 

The denominator of expression (3.4.6) is in fact equal to 2c), 

where (Q) is the differential cross-section for incident unpolarized 

neutrons. Accordingly the D(d,n)3He neutron polarization P will 

be given by: 

P 	- 	- cr(Q,rr) 

	

n - 	2Pa(Q) (3.4.7) 

According to expression (1.3.4) of section 1.3 the product 

P a (Q) is given by: 
-k t  cot Q/2 

PcT() 	 2i (3.4.8) 

Thus in order to calculate P it is required only to know the 

difference between the experimental cross-sections both to 'right' 

and 'left', i.e. the term a(9,O) - ci(Q,i), and the total interaction 

cross-section. However one has to account for the spatial extension 

of both scatterer and detector and this is done by averaging the 

term P a() over the geometry of both scatterer and detector. 

For such a purpose a computer program, based on a modification 

of one developed by Monahan and Elwyn 164t165).  was used. The code 

calculates the nominal values for both 	given by expression 

(1.3.3) of section 1.3,  and P (); these quantities are then 

averaged, by the same code, over the geometry of both scatterer and 
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detector. The integrals over the finite dimensions of scatterer 

and detector, involved in this averaging process are evaluated 

analytically165). 

The effect of the finite geometry proved to be, for the 

present geometrical arrangement, significant at small angles. The 

averaged values differed from the nominal ones by 12.6% and 7.4% 

respectively for ash(Q)  and P a() at scattering angle 1.90. The 

difference, between the nominal and averaged values, decreased with 

increasing angle to become 1.40,16 and 0.8% respectively at a scatter-

ing angle of 6.30. 

The total cross-section at  was calculated using the CBM 

readings when the sample was in the way of the beam and with the 

sample removed, normalised to the same TYM reading. 

The resulting value of the total cross-section is 	= ''• ± 0.5 

barns and this value was used in the abovementioned code to 

calculate the averaged values of both ash(Q)  and P a(). 

The value of Pj., was calculated, applying this procedure, from 

the difference between 'right' and 'left' cross-sections at 

scattering angles 1.9°, 2.2°  and 3.40  and the resulting values of 

D(d,n)3He polarization P(%) are -.14.6 + 4.79  -14.8 5.6 and 

-15.0 + 6.2 respectively. These three values yielded an average 

value of p 	14.8 + 3.2%. 

As the TiD target thickness was about 840 KeV, this average 

value of Pn  is related to a mean deuteron energy of 575 KeV. 
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35. D(d.n)3FIe Polarization Measurements at Deuteron Energy 

0.5 MeV 

In this section D(d,n)3He polarization measurements will be 

described, using the deuteron beam from the 0.5 MeV Van de Graaff 

accelerator mentioned in section 2.5. These measurements were 

carried out in order to compare with those performed with the 4He 

polarimeter at the same deuteron energy, and target thickness, 

described in section 2.5. 

3.5.1. Experimental arrangement 

The Mott-Schwinger polarimeter was set, for these measure-

ments, with a geometrical arrangement different from that described 

in section 31. The electronics is still basically the same as 

described in section 3.2. 

According to this geometrical arrangement, represented in 

Fig. 41, neutrons emitted from the TiD target at 470  are collimated, 

by the seine collimator described in section 3.1, and then scattered 

by the scatterer; the collimator face, in this arrangement, is at 

a distance ' 30 cm from the target. The scatterer is located 

nearly midway between the source and the rig carrying the stilbene 

detectors. The stilbene detectors are located at a distance from 

the scatterer nearly twice what it was before. Both the CBM and 

TYM are placed as in the previous arrangement. 

The scatterer is held in a specially designed holder. The 

holder carried samples of Cu, Pb and U of nearly the same diameter 

(14 mm) but of different lengths. The lengths are 1.5, 2.54 and. 

2.5 cm respectively for Cu, Pb and U chosen on the basis of calculations 
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carried out using the Monte Carlo code, mentioned in section 3.4.3, 

so that the multiple scattering of neutrons is nearly of the same 

order in the three samples. The effect of multiple scattering, 

according to these thicknesses, was < 20% at the smallest scattering 

angle 1.60. 

Any of the three samples could be moved horizontally (Fig. 42a) 

either into the beam or out of it by a motor controlled from a panel 

(Fig. 42b). 

The electronics of the polarimeter was connected and adjusted 

as described in Section 3.2. The racks of electronics, including 

the sample holder control panel, multichannel analyser and the Van 

do Graaff control panel are illustrated in Fig. 43. 

3.5.2.  The experimental measurements 

The experimental measurements were carried out with neutrons 

emitted from a TiD target, of the same thickness as the one used 
during measurements with the 4He polarimeter described in section 2.5, 

at a reaction angle of 470  and the experimental procedure was the 

same as described in section 3.3. 

The experimental measurements started,, after the polarimeter 

was aligned, by measuring the beam profile. The beam profile, as 

measured separately by each of the two stilbene detectors, is re-
presented in Fig. 44. From this beam profile, the spread in the 

beam is 17 mm which corresponds to an angle of 0.9 from the position 

of the scatterer. The average full width at half maximum 

corresponds to an angle of 0.950 accordingly the angular resolution 
0  is + 0.5. Thus the smallest angle chosen for this set of 
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Fig. 42a. Photograph of the sample holder. 

Ip 

Fig. 42b. Photograph of the control panel 
coupled to the sample holder. 
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measurements was 1.60. 

The measurements were carried out with both the stilbene 

detectors in the reaction plane, for neutrons scattered from the 

sample, i.e. Pb or U. at angles 1.60, 2.10, 3.60, 50 and 750. 

For the Cu sample these angles were 1.650, 2.2°, 3.7°, 5.20  and 7.70  

respectively because the Cu sample was held at a distance from the 

stilbene detectors slightly less than that for both the Pb and U 

samples. The deuteron beam current was about 55 pA during the 

measurements. 

The measurements, at a particular scattering angle, were 

carried out with each of the three scattering samples being in the 

way of the beam for 2048 seconds and one more measurement was usually 

carried out without any sample in the way of the beam as required 

for both determination of the background neutrons and the total 

cross-sections. 

The ratio of the background neutrons to the recorded number 

of scattered neutrons was 0.7 for Cu at 1.650  and it decreased to 

0.6 at 7.70, for Pb it was 0.57 at 1.60  decreasing to 0.49 at 7.50 , 

for uranium it was 0.47 at 1.60  and decreased to 0.37 at 7,50 

3.5.3. Analysis of the ex  peimental data and results 

The same procedure, described in section 3.4, was carried out 

for the analysis of the experimental data obtained. 	The resulting 

experimental cross-sections, both to 'right' and 'left' are repre-

sented in Fig. 45 for Cu, Pb and U. 

The values of the total cross-sections a., obtained from these 

measurements, are 3.39 + 0.04, 7.46 + 0.09 and 7.98 0.10 respectively 
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for Cu, Pb and U. 

Calculations of both GSh()  and P c(), i.e. the nominal 

and averaged values, as explained in section 3.4.4, did not result 

in a significant difference between the nominal values and averaged 

ones. The effect of the finite geometry, of both scatterer and 

detector, proved to be about 1% for both U and Pb at 1.60, for Cu 

it was 0.6% at scattering angle 1.650  and the effect decreased to 

0.2% for both Pb and U at 3.60  and for Cu it decreased to 0.2% 

at scattering angle 2.20
. 

The resulting D(d,n)3He polarization was calculated, as 

explained in section 3.4.4, at scattering angles 1.60, 2.10, 3.60  

and 50,  both for lead and uranium. For Cu it was calculated only 

at scattering angles 1.650  and 220. The resulting values of 

are given in Table 32. It is noticeable that the 

statistical accuracy associated with the value of P decreases 

with increasing scattering angle due to the fact that the 

analysing power is poorer at large scattering angles. The 

resulting values of P are internally consistent within the limits 

of the associated errors. The values of P obtained with both 

Pb and U samples at scattering angles 1.60, 2.10  and 3.60  yielded 

an average value of D(d,n)3He polarization P(%) = -13.7 + 1.5. 
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Table 3.2. The values of P as calculated from the experimental 
cross-sections at different angles. 

Scatterer 	Angle 	The resulting polarization P(%) 

Cu 	1.650 	 -14.29 ± 8.77 

	

2.2° 	 -18,00 ± 11.47 

Pb 	1.6° 	 -14.95 3.05 

	

2.1° 	 -13.95 3.99 

	

3.6° 	 -12.99 + 5.05 

	

5.0° 	 -13.19 6.47 

U 	1.6°  -13.60 2.20 
2.1°  -13.79 + 2.85 
3.6°  -12.78 4.44 

5.0 -12.82 6.60 
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CHAPTER FOUR 

DISCUSSION OF THE RESULTS OBTAINED AND COMPARISON BETEN T 

TWO POLARIMETERS 

All the results obtained with both 4He and Mott-Schwinger 

polarimeters will be discussed in this chapter and then the two 

polarimeters will be compared at the end of the chapter. 

4.1. The D(d,n)3He Polarizations 

The D(d,n)31-Ie polarization values resulting from using both 

polarimeters, cover the deuteron energy range between 0.33 and 

4.0 MeV. The values of P(%) obtained are represented in Fig. 46 

along with values reported so far by other authors, for a laboratory 

angle 450 + 50 and mean deuteron energies < 10 MeV. The values from 

references 90-92g99010491059113-1159121) are not represented in this 

figure for reasons discussed in section 1.4 but they were represented 

in Fig. 7. 

The present value of P at 0.33 MeV, represented in Fig. 46, 

is the value obtained using scattering from helium (given in Table 

2.4), and it is in good agreement with a value of P = -13.7 + 1.5 

(%) obtained with the Mott-Schwinger polarimeter which was reported 

in section (3.5.3). The value of P at a mean deuteron energy of 

575 KeV (see Fig. 46) is the average value reported in section 

(3.4.4) and obtained with the Mott-Schwinger polarimeter. These 

two values of the D(d,n)3He polarization (below 1 MeV) are consistent 

with other values previously published and represented in Fig. 46. 
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The present values of P (at deuteron energies> 1 MeV) are con-

sistent with other values, represented in Fig. 48, except those of 

Smith and Thornton129)  in the energy range from 2.0-4.0 MeV. Smith 

and Thornton reported in their paper about unsubtracted background, 

associated with their time of flight spera; they stated that such 
the 

background, similar to the one reported 1yIvaiter group 22'23' 

originate from scattering of neutrons in the material adjacent to the 

helium scintiiiator129).  The unsubtracted background observed by the 
the 

Walter group is due toTunpolarized 'tail' associated with the helium 

recoil spectrum; it is similar to the tails associated with all the 

helium recoil spectra detected in the present measurements. Such 

tails were detected during measurements with both the helium polari-

meters used by Walter group 2223166167) where account was taken of 

them in all the data they published. Smith and Thornton gave an 

upper limit of 0.01 to the systematic error in the measured asymmetry 

due to the background they observed, but they appear not to have 

accounted for this in their published values129).  The values of 

P(%) reported by Smith and Thornton for deuteron energies between 

2-4 MeV are lower than the present values, as well as the values 

reported by Waiter group UG422),  by about 2-3%. On comparing the 

polarization measurements for the T(P,n)3He and 7Li(P,n)7Be re-

actions reported by the Thornton group1169)  and the Walter group117' 

170-172) it is found that the general trend of the values reported 

by the first group is lower than the latter for both reactions (see 

Table 4.1). 

In the discussion about the effect of the tail on the value of 

the measured asymmetry and consequently the value of P, given in 
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Table 4.1. Comparison between values of Pn  obtained by Thornton 

group and Walter group. 

Thornton Group 8,169) Walter Group11747 172) 
Reaction 

E(MeV) Lab. P  E(MeV) QLab. 

T(?,n)3He 3.1 200 0.122+0.01 2.9 160  0.147±0.02 

3.1 350 0.216+0.008 3.1 330 0.23±0.02 

2.9 330 0.26+0.03 

3.9 20 0.027±0.007 4.0 160  0.05b+0.020 

39 3Q0  0.060+0.015 4.0 33°  0.081+0.020 

39 5Q0  0.128±0.015 4.0 50 0.140+0.020 

39 7Q0  0.127+0.015 4.0 700 0.155+0.020 

5.0 50 	-0.002+0.009 5.0 500 0.062+0.020 

5.0 70 0.118+0.011 5.0 70°  0.129+0.020 

7Li(P,n)7Be 3.0 450 0.275±0.005 2.99 50 0.314±0.018 

35 450 0-314+0.005 3.58 50 0.384+0.020 

4.0 50 0.302±0.010 3.98 500  0.382±0.016 

4.0 15°  0.170±0.010 3.97 20°  0.191+0.025 

4.0 300  0.270L+0.007 3.97 30 0.284+0.025 

4.0 450 0.313±0.010 3.97 400  0. 330±0.030 

4.5 15°  0.192±0.005 4.70 20°  0.25±0.025 

45 
450 0.231+0-007 4.70 400  0.242±0.025 
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section 2.9. It was shown that neglecting the tail correction, for 

the case under consideration, would reduce the value of P by about 

21%. So It is quite possible that the difference between the values 

Of P (measured for the D(d,n)3He reaction) reported by Smith and 

Thorntonh29) and the present values is due to scattering processes 

which produce the tail in the He recoil spectra not being separated 

from the desired neutron scattering by their time of flight system. 

4.2. The Angular Distribution of 

The two angular distributions of the D(d,n)3He polarizations, 

measured at mean deuteron energies 1.1 and 2.44 MeV, reported in 

section 2.10 are represented in Fig. 47-48 and the present values of 

Pn are compared with other published values. 

The present values of P(%) at 1.1 MeV are compared with those 

of Drigo at ai.125)  (obtained at 1.09 MeV and laboratory angles 350 

and 550), Gorlov at al. 86)  (obtained at 1.2 MeV and 370  lab.) and 

Levintov et ai.8)  (obtained at 1.2 MeV and 490  lab.). 

The agreement between the present values of Pn  and these 

values is satisfactory (see Fig. 47) except for the point of Drigo 

at ai.125)  at 550  lab. 

The present values of P(%) at 2.44 MeV are compared with 

those of Purser at ai.122)  (measured for deuteron energy 2.5 MeV 

and laboratory angles 350  and 0) and with the angular distribution 

of Smith and Thornton129) measured at 2.51 MeV. The agreement 

between the present values and the one of Purser et ai.122) at 400  

is satisfactory (within the statistical accuracy). The present 
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distribution is similar to the one of Smith and Thorntonh29)  in 

both shape and zero point (see Fig. 48),  but their values at 

reaction angles 450  50,  550, 600, 900 are lower than the present 

ones possibly due to the reason given in section 4.1. 

4.3. Least Square Fits to Present and Other Recently Reported 
Distributions 

In general the angular dependence of the polarization P is 

of the form4 : 

P(Ed,) = 1 	max 
ci(Ed,Q) L=]. AL  (Ed)P (cos Q) (4.3.1) 

whereP (cos ) are the associated Legendre polynomials. Fierzl42) 

has shown that for the D(d,n)3He reaction this formula reduces to: 

P(Ed,) c (Ed,Q) 	it 	E A sin 2nQ 
	

(4.3.2) 

ii is usually called the differential polarization. Thus the 

expansion coefficients A can conveniently correlate data on the 

D(d,n)3He reaction. 

A least squaresfit, based on expression (4.3.2), was applied 

to the present two angular distributions of P. A two-term fit 

was first applied to the data and then a three-term one. The 

D(d,n)3He differential cross-sections, required for the least square 

fit, were obtained (by interpolation) from the values given in 

references156173). From these fits it was found that the expansion 

coefficients A3  (in the three-term fit) are insignificant (see 
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Table 4.2) and accordingly the present data can be fitted with 

enough degree of accuracy using the first two terms of the 

sin 2 n Q expansion. Thus the two angular distributions were 

compared with distributions calculated according to the expression: 

Pn  = (A1  sin 2 Q 	+ A2  sin 4 )/ c7(Q) 	(4.3.3.) 

where coefficients Al  and A2  were those resulting from the two 

terms fit (given in Table 4.2). In Figs. 49-50 are shown the two 

distributions compared with those obtained from expression (4.3.3). 

According to the analysis carried out by Fierzl42),  for the 

D.-D system, the differential polarization ii should be representable 

by the first term of the expansion (4.3.2), for deuteron energies 

up to 2 MeV. For higher energies one would expect that higher 

terms should occur as higher partial waves are necessary to describe 

the differential cross_soctionsl74).  In order to contribute to 

the study about the dependency of the expansion coefficients A on 

the deuteron energy, the same code, applied for least square fits 

of the two distributions at 1.1 and 2.44 MeV, was applied to the 

recently published data of Smith and Thorntonh29)  and Spalek 

et al. 127).  In order to fit the data of Smith and Thornton the 

differential polarizations were calculated from their polarization 

values and D(d,n)3He differential cross—sections given by Brolley 

and Fowler156),  (for deuteron energies < 4 MeV) and Schulte175)  at 

4.0 and 5.0 MeV; for fitting the data of Spalek et al. the values 

of differential polarizations they reported recentiy176)  were used. 

The resulting values of A, both from two and three—term fits, are 
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represented in Table 4.2 along with all the previously published 

ones for deuteron energies < 10 MeV. Except for the measurements 

at 0.375 MeV and 3 MeV - ref. 129),  no terms of order higher than 

in 4 , i. eansion (4.3.2), are clearly present in any of the 

guIr d13trfbutions available in this energy range (see Table 4.2). 

The values of A, obtained from two term fits, as a function 

of deuteron energy are represented in Figs-51-52 respectively for 

A1  and A2. The values of Al  seem to fit nicely with the trend 

represented by the dashed curve (see Fig. 51). 

The values of A2  seem to be more significant at deuteron 

energies > 2 MeV: it appears that the expansion coefficients A. 

(given in Table 4.2) obtained from two terms fits may be used to 

calculate the differential polarization, required for the use of 

the D(d,n)3He reaction as a source of polarized neutrons at un-

measured angles and deuteron energies. 

4.4. The Differential Cross-sections of Cu, Pb and U at Small Angles 

The differential cross-sections for unpolarized neutrons were 

obtained by averaging the two cross-section values, i.e. to the 

'right' and to the 'left', at each of the scattering angles. These 

cross-sections were then corrected for multiple søattering (using 

the Monte Carlo code described in Section 3.4., for the finite 

angular spread due to the finite dimensions of the scatterer and the 

detector (using the code described in section .4.3)  and for 

inelastic scattering. The inelastic scattering contribution in 

the resulting cross-sections was evaluated both from published 
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Table 4.2: Coefficients of the expansion P()a(9) = 	A sin 2 n 

Ed 	 Two term fit 	 Three term fit 
(MeV) 	 Ref. 

A1 	 A2 	 A1 	 A2 	 A3  

0.375 
0.870 
1.090 
1.100 

1.430 
1.900 
1.900 

1.960 
2,120 
2.440 
2.500 
2.510 
3.000 
3.000 
3.000 
3.140 

-0.627+0.016 

-1.008+0.027 
-1.180+0.150 

-1.069+0.037 
-1.004+0.030 
-0.820+0.140 
-0.820+0.060 
-0.794+0.030 
-0.870+0.070 
-0.604+0.055 
-0.740+0.090 

-0.457±0.019 
-0.470+0.080 
-0.410±0.050 

-0.352±0.025 
-0.520±0.070 

+0.037±0.014 
+0.051±0.027 
-0.230+0.140 
+0.110+0.075 
-0.045+0.028 
+0.180±0.150 
+0.250+0.060 
+0.051+0.030 
-0.100+0.09 

+0.205+0.051 
+0.180+0.280 
+0.082+0.018 
+0.030+0.120 
+0.210+0.050 
+0.103+0.023 

+0.090±0.090 

-0.627±0.014 
-1.009+0.007 

-1.125+0.043 
-0-979+0-016 
-0.810+0.120 
-0.780+0.070 
-0.825+0.035 

-0.461+0.010 
-0.400+0.100 

-0.380+0.060 
-0.404+0.030 

+0.023±0.013 
+0.066±0.006 

+0.086+0.073 
+0.008+0.010,- 

+0.189+0-130 
+0.300+0.080 

+0.019±0.041 

+0.086±0.010 
+0.120+0.140 
+0.230+0.070 
+0.02/4+0.034 

-0.564+0.054 +0.187+0.069 



Table 4.2. (Contd. 
Ed 	 Two term fit 	 Three term fit 

1eV) 	Al 	 A2 	 A1 	 A2 	 A. 

3.500 -0.192+0.020 
3.700 
3.700 
4.000 
5.000 
6.000 
7.000 
8.000 
8.900 

10.000  

-0.180+0.040 
-0.150+0.060 
-0.131±0.040 
+0.234±0.196 
+0.419±0.031 
+0.640+0.080 
+0.724±0.030 
+1.120+0.130 
+0.841±0.028 

+0.110+0.021 
+0.190+0.040 
+0.199+0,070 
+0.086±0.043 
+0.012±0.278 
+0.113±0.037 
+0.160±0.090 
+0.239±0.044 
+0.260±0.100 
+0.107±0.033 

-0.197+0.029 
-0.180+0.060 
-0.070+0.090 
-0.076±0.062 
+0.409±0.196 
+0.412±0.037 
+0.680±0.080 
+0.675+0.040 
+1.120±0.130 
+0.845±0.039 

+0.090±0.034 
+0.1.80+0.070 
+0.270±0.100 
+0.155+0.075 
-0.190+1.060 
+0.105±0.044 
+0.220±0.100 
+0.197.+0.049 
+0.160+0.170 
+0.112+0.049 
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data84177178) and Using a computer code developed by wiimore1 ; 

using data for Cu, Pb and U taken from Nuclear Data Sheets 180)0 

The inelastic contributions, as evaluated both ways, proved to be 

small (about 0.1 barn for Cu and 0.3 barn for both lead and 

uranium). 

Further, the calculated Mott-Schwinger contribution to the 

differential cross-section for unpolarized neutrons was subtracted 

to give the sets of points, shown in Figs. 53-54, which should 

represent the differential cross-sections due only to nuclear inter-

action. In Fig. 53 are represented the points resulting from 

measurements with Pb, described in section 3.3.1, where the neutrons 

(at mean deuteron energy 575 KeV and reaction angle 460) were of 

energy 3.3 MeV while in Fig. 54 are represented the points resulting 

from measurements described in section 3.5.2, where neutrons were 

incident on the samples with energy 3.0 MeV. All the resulting 

cross-sections are compared with the solid curves which are based 

on optical model calculations, for scattering angles ranging from 

10  - 100, carried out using the same code used before by Wi1more18 

and normalized to the experimental points by factors 1.06, 1.06, 

1.09 and 1.08 respectively for Pb at 3.3 MeV and Cu, Pb and U at 

3.0 MeV. 

It is noticeable that satisfactory agreement exists between 

the experimental cross-sections and the theoretical ones for all 

the three elements. The anomalous scattering of neutrons by 

uranium, mentioned in re f. 60626566p7, is not observed in 

the present measurements. This anomalous behaviour of the uranium 
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scattering cross-sections was discussed in detail in section 1.3.3, 

where it was related to the model used for describing the nuclear 

cross-section; the present measurements support such a conclusion. 

It appears that the nuclear scattering contribution with the Mott-

Schwinger one added to it are enough to account for the measured 

cross-sections at the small angles considered. 

4.5. Comparison of the Two Polarimeters 

The obvious disadvantage of the Mott-Schwinger scattering 

polarimeter is the low counting rate due to the fine collimation 

of the neutron beam and to the definition of a small scattering 

angle. 

The efficiency of polarization determination should, in an 

ideal system with no background, depend on the solid angle (w1) 

subtended by the scatterer at the neutron source, the solid angle 

(w2) subtended by a side detector at the scatterer, the thickness 

of scatterer (t), the number of scattering nuclei per unit volume 

(n), the differential scattering cross-section (a) and the square 

of the analyzing power for the scattering process (F). 

Thus a figure of merit for comparing polarimeters, P2  a n t 

may be formed. This figure of merit is used in Table 4.3 to 

compare the Mott-Schwinger polarimeter, with the geometry described 

in Section 3.19  with the n-4  Hescattering polarimeter, described 

in Section 2.2. 

For the purpose of comparison in Table 4.3 it is assumed that 

the liquid scintillator neutron detectors in the He polarimeter 
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and the stilbene neutron detectors in the Mott-Schwinger system 

have the same detection efficiency. 

Thus it would seem that the Mott-Schwinger polarimeter should 

take 50 times as long to obtain a polarization value with the 

same statistical accuracy as the 4  H polarimeter. Because the 

background counting rate was significant, the measurements reported 

in this thesis using the Mott Schwinger polarimeter involved equal 

counting times with and without scattering sample, so doubling the 

time taken for the Mott-Schwinger measurement and making the ratio 

of figures of merit 1:100 in reasonable agreement with an experi-

mentally determined ratio ' 1:120 (10 min with the He polarimeter, 

20 hours with the Mott-Schwinger polarimeter at 2°  scattering angle 

for statistical accuracy of polarization measurement 5%). 

However, the geometry of the present Mott-Schwinger polarimeter 

was chosen to make possible the tests of agreement between observed 

behaviour and the Schwinger theory. Once this agreement is accepted 

a larger spread in scattering angle would not be objectionable, say 

to collect all the polarization information in the angular range 

from 1.70  to 370  in one measurement. If this were done by moving 

the stilbene detectors closer to the scattering sample w2  could be 

increased tenfold; if it were achieved by dividing the angular 

spread equally between the spread in angle of incidence of neutrons 

on the scattering sample (by shortening the sample to target 

distance) and some movement of the stilbene detectors towards the 

scattering sample a factor of about 40 improvement in w1w2  could 

result. 



151 

Table 4.3. Comparison of efficiency of Mott-Schwinger and 

4  H scattering fast neutron polarimeters, 
ignoring background effects, for neutrons 3 MeV. 

Mott-Schwinger 	4He  (Pb sample) 

Solid angle subtended by 	
-5 scatterer at target, w1 	 9 x 10 sr 	3 x 10 sr 

Solid angle subtended by 
side detector at scattering 	 4 	 -2 sample, w2 	 3 x 10 sr 	5 x 10 sr 

Number of scattering nuclei 
per cm3, n 	 4 x 10 2  N0 	3 x 10 N0  

Scatterer thickness t 	 2.6 cm 	 5 cm 

Differential scattering 	 -2 cross-section, a() 	 6 b/sr 	8 x 10 b/sr 
at 2° 	 at 120°  

Analysing power, P() 	 0.5 at 20 	1 at 120°  

Figure of merit for efficiency 

of polarization determination,, 
4 x 10 9  N0 	2 x 	N0  

Ratio of figures of merit 	 1 	 50 
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Thus a Mott-Schwinger scattering polarimeter could be made 

comparable in efficiency with the helium polarimeter and it Is 

worthwhile to discuss whether any advantages are offered by the 

Mott- Schwinger system. 

The analysing power is determined (eqn. (3.4.8) of section 

3.4.4) from 	the experimentally measured total cross-section. 

It is easy to obtain at  with substantially better statistical 

accuracy than attaches to the difference in differential cross-

sections, cT(Q,O) - a(Q,rr) of eqn. (3.4.7), which determines the 

polarization. Further, if at  is determined from measurements with 

the collimated beam monitor on the same scattering sample during 

the measurements to determine cv(O,O) and a(,TT) then the dimensions 

and density of sample which enter the calculation of at  also enter 

the calculation of a(,0) and a(,,i), and these factors cancel out 

in the determination of polarization from eqn. (3.4.7) and so can 

introduce no error. 

In the Mott-Schwlnger case the determination of polarization 

from eqn. (3.4.7) means that the neutron polarization is just pro-

portional to (NR - NO where NR and NL are normalised numbers of 

counts recorded in the right hand and left hand stilbene detectors 

respectively and it does not matter if there is an equal background 

contribution to both NR and NL  due for example to general scattered 

neutron background In the shielded area or to inelastically 

scattered neutrons. Working with the n-4He scattering polarimeter 

on the other hand the polarization is determined from the scattering 

asymmetry, that is from an expression of the form (NR_NL)/(NR+NL), 
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and equal background contribution to NR  and to NL  would give a 

false asymmetry and so false value of polarization. Equal back-

ground contributions to NR  and  NL  are found with the He scattering, 

probably due to neutrons scattered by unintended paths between the 

helium gas scintillator and the side detectors, resulting in the 

low energy 'tail' of section 2.7.2. Such tails were also 

observed by different workers in this 

1829183) and it seems that they are associated with this type of 

polarimeter. Correction for such a tail was discussed in 

sections 2.7.2. and 2.9. and is usually subject to the judgement 

of the experimenter and so may introduce a small systematic error 

in the polarization values deduced. 

It is concluded that a polarimeter for fast neutrons 

employing Mott-Schwinger scattering could contribute much more to 

polarization studies than has generally been realized. 
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Some of the measurements, reported in this thesis, were 

T-annvtod on two occasions. Part of the D(d,n)31, e polarization 

measurements using the helium polarimeter, namely preliminary 

results of measurements at incident deuteron energies 2.00  2.5 9  

3.0, 4.0 MeV and reaction angle 470 and the angular distribution 

of polarization at 1.2 MeV, were reported in ref. 184) Part of 

the results of measurements with the Mott-Schwinger polarimeter, 

namely measurements with Pb sample described in section 3.3.1 

were reported in ref. 185) 
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