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ABSTRACT 

Fast neutron elastic scattering has been studied for 2.9 MeV, 

16.1 MeV and 14.2 MeV energy from medium and heavy nuclei. Angular 

distributions of polarization and cross-section have been obtained 
for 2.9 MeV neutrons scattered from Fe,W,Tl, Pb, Bi, and U. 

Simultaneous measurement of angular dependence of polarization and 

cross-section has also been done for 16.1 MeV neutrons from Fe, Cu, 

I, W, Hg, Pb and C by the pulsed beam time of flight technique. 
The angular ranges covered are from 200  to  1600  at intervals of 140. 
The experimental distributions have been corrected for the atten-

uation of the incident neutron flux in the scatterer, neutron mut-

ip+'e scattering and for the finite source-sample-detector geometry 

using a Monte-Carlo computer programme. Correction for relevant 

inelastic scattering has been done wherever possible with available 

experimental inelastic cross-sections. 

The measurements are compared with the optical model calculations 

based on 'global-fit' parameters as well as parameters reported pre-

viously for particular nuclei. These parameters are found not to 

be very successful in fitting both differential cross-section and 

polarization for either 2.9 MeV or 16.1 MeV scattering. Much better 

fits to both cross-section and polarization are obtained by indiv-

idual analyses for most of the nuclei. The calculations for 2.9 

MeV neutrons are combined with Hauser-Feshbach compound elastic 
calculations done both with and without the Moldauer level width 

fluctuation correction. It has been observed that while for U both 

the calculations provide a similar fit to the experimental data, for 
W, Ti, Pb and Bi calculations including the level width fluctuation 

correction provide a better fit. For the 16.1 MeV case the fit to 

the polarization with the optimum parameter set for heavier nuclei 

are poorer than for the lighter ones, with a marked discrepancy in 

the magnitude of polarization around 200  for most of the nuclei. 

The parameter sets which give the best fits to the data at 2.9 MeV 

and 16.1 MeV are presented. A large spin-orbit potential is observed 

for the heavier nuclei at 2.9 MeV while for the 16.1 MeV case there 
is evidencee.of including a volume imaginary term. 



14.2 MeV neutron double scattering measurements on Cu,and Pb 

for 200  and 340  employing the associated particle time of flight 

technique resulted in a similarly large magnitude of polarization 

as observed for the present 16.1 MeV scattering and also reported 

earlier. Optical model calculated polarization for 14.2 MeV, based 

on global parameters shows a small magnitude around 200,  as in the 

case of 16.1 MeV neutrons. Attempts to modify conventional optical 

model parameters to account for such a discrepancy are made. It is 

observed that increasing the radius or the diffuseness of the 

spin-orbit term reproduces the large magnitude of polarization 

around 20°  without affecting the polarization for the rest of the 

angles or the cross-section. 
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INTRODUCTION. 

1.1 	Neutron Elastic Scattering 

Much of the understanding about the microworid up to date has been 

established by means of collision processes, the most direct form of which 

is the scattering of an incident particle by a target. 	A free 

particle or rather a beam of such particles with known characteristics, 

e.g. energy and spin impinges upon a target particle, interacts with it 

and becomes scattered into a modified free state. Observation of the 

intensity, energy, angular distribution and polarization of the scattered 

beam enables one to infer the nature and strength of the forces that acted 

between the projectile and the target during the collision and may even 

provide some insight to possible structure of the scatterer. Experi-

ments with neutrons as projectile have, ever since its discovery, served 

as an effective means for investigating the interaction mechanism be-

tween nucleons and nuclei. The fact that the neutron is uncharged, makes it 

a more penetrating probe with which to extract information on typical features 

of nuclear reactions more clearly. 

When a neutron collides with a heavy nucleus, there is considerable 

probability that it will pass through the nucleus without losing any energy, 

suffering only a change of direction (There is of course the small transfer 

of energy to the recoil ing nucleus to conserve momentum ).This corresponds 

to shape elastic scattering. However, a neutron can also be absorbed, 

thereby producing an intermediate nucleus which can then decay by various 

modes. In particular, the intermediate nucleus can emit a neutron with 

smaller energy (inelastic scattering) or with energy equal to that of the 

initial neutron (compound elastic scattering). The elastic scattering 

cross-section can therefore be expressed as the sum, 
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a 	= a + a el 	SE 	CE  

where 
°SE  is the shape elastic cross-section and °CE  is the compound 

elastic cross-section. 8aei4kas  an angular dependence, 

dc 

	

Tel 
a 	

d 
= 	 (e)dc2 	. 	 (1.2) el 	 dQ 

The formation of the compound nucleus, suggested by Bohr1 , based on the 

picture of the nucleus as a system of particles with strong interactions 

and short range forces was found to be a successful model for interpreta-

tion of the nuclear reaction mechanism at low energies. 

One of the earliest works on fast neutron elastic scattering was the 

measurement by Amaldi and his co11aborators2 , of the angular distribution 

of 14 MeV neutrons from lead, that demonstrated a diffraction pattern. 

The first systematic experimental investigation of neutron elastic scattering 

was performed by Walt and Barscha1l3 , who measured the differential cross-

sections for elastic scattering from a large number of elements at 1 MeV 

neutron energy. Meanwhile the suggestion that neutrons produced from 

reactions are, in general, polarized, opened up 	straightforward way 

for investigating spin-orbit forces in nuclear reactions. Since polari-

zation occurs only by interference of different partial waves, it is 

expected to show a more sensitive dependence on the scattering amplitude 

than the elastic differential cross-section and reflect the spin-orbit 

interaction directly. It was first pointed out by Wolfenstein4  for the 

specific case of the D-d reaction, that the neutrons produced should 

be polarized due to spin-orbit coupling, even if both the incident 

deuteron beam and the deuterium target are unpolarized. This was shown 

to be true by Huber and Baumgartner 
5) 
 and Ricaino 6) who observed polariza-

tion of D-d neutrons, using scattering from 12C as polarization 

analyser. 



Since conventional conventional neutron detectors are insensitive to neutron spin 

direction the detection and measurement of neutron spin is not straight-

forward. A summary of various approaches is contained in the review 

article by Haeberli7  . In the following we outline the principle of the 

method most commonly employed for fast neutrons, using nuclear elastic 

scattering as the analyser. In this method use is made of the fact 

that in the presence of a spin-orbit force, the scattered flux exhibits 

a right-left asymmetry in the scattering plane. The right-left asym-

metry precisely means that the particles with spin up and those with 

spin down relative to the plane of scattering have different cross-

sections for scattering through a given angle if spin-orbit coupling 

occurs, resulting in a net imbalance. This right-left asymmetry depends 

on two factors, namely i) the degree of polarization of the incident 

beam and ii) the extent to which the scattering is sensitive to spin 

orientation. Thus it is obvious that the measurement of the polarization 

involves a 'double scattering' process. In a conventional neutron system 

the first scattering is replaced by the neutron producing reaction 

(Fig. 1.1). Abeam of charged particles with energy E and momentum 

along the direction k 	is intercepted by the target T1  which acts 

as the polariser. Neutrons produced at an angle 01 from this reaction 

with energy En  and polarization P n 
 proceeding in the direction k1  

are intercepted by a second target T2, referred to as the analyzer. 

The beam of polarized neutrons is thus scattered through an angle 02 

with final momentum along the direction k2  and can be detected at two 

azimuthal angles 	= 0 and 	= ii in the plane of scattering. The 
4. 

number of neutrons moving in the direction k2  in a given time is 

	

N(02,4)cc aun,02) 	+ P(E,01)A(E,02)cos] 	 (1.3) 

where c(E,ü2) is the differential cross-section for scattering an 

unpolarized beam of energy E 	through an angle 82  and A(En02)  is 



Figureli Principle of a typicaL neutron pocrisction experiment 



the amplitude amplitude of azimuthal variation (the analysing power). It has been 

shown theoretically and proved experimentally, that for strong interactions, 

even for targets of non-zero spin, the quantity A(E,82) is equal to the 

polarization that would result in the elastic scattering of an unpolarised 

beam of energy E 	through an angle 02. 	We can denote this as 

Ps(E)02). 	Thus for a coplanar double scattering process the ratio of the 

intensities for scattering twice to one side and once to the other side 

is given by, 

	

NR 	1 + P (E,01)P (E,02) 

r 	= 	
= 	

(1.4) 

	

L 	1 - Pn(E 0i)P(E 02) 

where NR and  N   are the scattered intensities to the right ( = 0) 

and left ( = rr) respectively. From the above expression we get for the 

product PP, referred to as the asymmetry, 

NRNL 	r1 = 	P 
n  P  s 	

= 	 = 	 . 	 (1.5) 
N 
R 	L 
+N 	r+l 

Thus if the analysing power P5(E,02) is known for some nucleus then the 

value of the polarization P n can be obtained for a number of source re-

actions. On the other hand if the polarizationfrom a source reaction is 

known, then the polarization due to scattering from a number of nuclei can 

be studied. It is worth noting here that according to the sign convention 

adopted at the Basel symposium 8 , particles with spin pointing along the 

direction k x k 1 are positively polarized. 

1.2 	Optical Model 

Systematization and correlation of experimental data is usually 

achieved by constructing different theoretical models representing par-

ticular features of the system under study and searching for the one that 

gives the best description of the data. We do not expect any given model 
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to be completely or uniformly successful, but instead study the situations 

in which the model succeeds or fails in order to assess its relevance and 

validity. If the model gives a good fit to the data, then it provides some 

information about the mechanism of the nuclear reaction process, about the 

structure of the nuclei and also permits reliable prediction of new infor-

mation. The compound nucleus model 	mentioned in Sec. 1.1, gave a good 

description of experimentally observed capture cross-sections and closely 

spaced resonances at low energy and led to a number of qualitative con- 

clusions regarding cross-sections of nuclear reactions9 . 	The shell model 

structure of the nucleon-nucleus interaction furnished evidence of the 

free movement of a captured nucleon in the nucleus, differing from the 

strong interaction model and succeeded in explaining the properties of 

ground states and low lying excited states. The fluctuations correlated 

with target mass and incident neutron energy observed in the total neutron 

cross-section data of Barschall and his collaborators 1 , which were not 

describable satisfactorily in terms of either of the models mentioned 

above, led to the introduction of the optical model by Feshbach, Porter 

and Weisskopf . 
	This model introduced the important simplification of 

transforming the many body problem of nucleon-nucleus interaction into a 

two body problem by replacing the target nucleus by a potential and 

considering the passage of the nucleon through the nuclear potential in 

analogy with the passage of light through a material medium which exhibits 

refraction and absorption. Just as in the case of an optical medium, 

we can introduce an index of refraction, which is a complex quantity 

if there is absorption. Thus we require two quantities to characterize 

the optical properties of nuclear matter. In order to determine these 

parameters one needs to solve the Schr3dinger equation for a neutron 

(we are concerned with neutrons although the same is true for protons 

also with addition of the Coulomb interaction) where the motion of the 

neutron is described by a wavefunction associated with a complex potential 



S 

of the form, 

V(r) 	= 	-U(r) - iW(r) 	, 	 (1.6) 

where the real part of 13(r) describes the average potential energy of the 

neutron inside the nucleus and may be expected to resemble the shell model 

potential for bound states and the imaginary part W(r) describes the 

absorption effect due to compound nucleus formation. This approach to 

nuclear reaction is called the optical model of the nucleus and the com-

plex potential is called the optical potential. The solution of the 

Schridinger equation with such an optical potential yields phase shifts, 

from which one can calculate the total cross-section, the differential 

cross-section for shape elastic scattering and also the cross-section 

for the formation of a compound nucleus. The compound elastic scattering 

cross-section, which must be added to the shape elastic scattering cross-

section, particularly at low energies (< 5 MeV), can be estimated by a 

11) 
method proposed by Hauser and Feshbach 	utilizing a statistical assump- 

tion about the density of levels of the compound nucleus system and an 

additional assumption that all compound states for which energy, parity 

and angular momentum are conserved are populated with a probability 

proportional to the penetrability of the incident neutrons. 

The optical model can predict polarization as well, provided that 

the above form of the potential is modified to include a spin-orbit term 
+ 

as proposed by Bjorklund and Fernbach 12), proportional to Za where 
+ 	+ 
2. and a are the angular momentum and Pauli spin operators, respectively. 

Thus we have for the optical potential describing scattering as well as 

polarization 

+ + 
V 	= 	-U(r) - iW(r) - V so () 	

.9, 	. 	 (1.7) 

The explicit expressions and the detailed paramet'isation of the various 
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components of the optical potential will be dealt with later (Chapter 6). 

1.3 Review of Past Work and Motivation 

A reasonably complete evaluation of an optical model requires that 

the energy dependence and angular dependence of the differential cross-

section and polarization be systematically measured as a function of 

mass number and compared with the predictions of the model. A great deal 

of agreement has been achieved between theoretical angular distributions 

of elastic scattering cross-sections, with due allowance for compound 

elastic scattering,and experimental results of neutron differential 

elastic scattering 
13,14) 

 cross-sections. However a similar statement 

about the model regarding the angular distribution of polarization can 

not be made with confidence because of the lack of systematic and suf-

ficient quantity of experimental data. A brief review of the measure-

ments done so far, presented in Table (1.1), would reveal the state of 

knowledge of fast neutron polarization in relation to the optical model 

of elastic scattering. It is clear from the table that, although 

experiments with scattering of polarized neutrons started more than two 

decades ago with the work of Adair et a1.15 , the amount of experimental 

material is hardly sufficient with regard to the range of energy, angle 

or nuclei concerned, to arrive at a general conclusion about the success 

of the optical model. It has already been pointed out by Galloway 16)  

from a survey of experiments on the angular dependence of polarization, 

that there has been a concentration of effort on neutron energies of 

4 MeV and below. Around such energies (< 5 MeV) the interpretation of 

data in terms of the optical model is complicated by competing compound 

elastic scattering. It has also been shown by Galloway 
16) 
 from the 

survey of the quality of optical model fit to the angular dependence of 



polarization, that there is no convincing fit for nuclei lighter than 

Ti or for neutron energy less than 3 MeV. Around 3 MeV some of the recent 

measurements 31 '34 '35 ' show encouraging results so far as fitting by 

the optical model is concerned. 

Eligehausen et al.3 , with probably the most accurate measurement, 

have shown that polarization of 3.25 MeV neutrons elastically scattered 

by Ti, Cr, Fe, Cu and Zn in the angular range 30 
0 
to 138°  is well des-

cribed by the optical model of Rosen32 , with allowance for compound 

elastic scattering based on Hauser-Feshbach theory
11

. The optical model 

calculations predicted a positive maximum in the polarization angular 

distribution at backward angles centred around 160°. Zijip and Jonker34  

have made measurements on angular distribution of polarization of 3.2 MeV 

neutrons from twenty elements from Ti to Bi. However the angular range 

they covered was from 30°  to 150°  for only 9 of the nuclei, including 

Ba and Bi, with Z > 50 and 30°  to 750  for the rest of the nuclei. A 

31) 
comparison of their result with11gehausen 	for the nuclei in common 

showed reasonably good agreement except for Zr around 90 
0 	

In addition 

to the calculation, using the known global potentials of Rosen et al. 38)  

and Becchetti and Green1ees39 , they have attempted individual para-

nie4isation for each element separately. Neither of the global poten-

tials gave a good description for all elements, although the general 

trends of the polarization pattern was described reasonably. Individual 

analysis gave much better fits to the data although the parameters showed 

marked variation from element to element and also unrealistic values in 

some cases. The model calculations again showed a positive maxima 

around 1600  for all the nuclei in this set. Waheed 35) made measure-

ments on scattering of 2.9 MeV neutrons from Fe, Cu, I, Hg and Pb, 

covering the angular range of 200  to  1600. 	While these measurements 

tkose ' 	31 
for Cu and Fe are in good agreement with both/

)  
Ellgehausen 	and Zijip 



Table 1.1 

Scattering Nuclei 	Scattering Angle 
	 Remarks 

11 nuclei from Cu 90° Addition of spin orbit term to 
the optical potential proposed 

to Si by Feshbach et al.(9) could 
describe the variation of pola- 
rizatiorl with atomic number. 

Cu,Ta,Pb S Si 300-1300  at In- The variation of polarization 
appeared 

tervals of 150 with atomic number 
similar to calculation done 
with optical potential. in- 
cluding spin-orbit term. 

Ue,C,Cu,Zr,Sn 
300 _.1350  Poor agreement with available 

optical model calculations. 
& Pb 

21 nuclei from 
550 	900 and The experimental results could 

1300  not be reproduced satisfactorily 
V to U. using model calculations. 

Cd 550  and 900  Marked departures are found be- 
Cu,Zn,Mo & tween results obtained and pre- 

dictions of optical model Cal- 
culation including spin-orbit 
potential. 

C,Al,Fe.Sfl,Pb & Bi. 20P-80'  Measured polarization showed 
reasonable agreement with opti- 
cal model calculations of 
Bjorklufld and Ferubach(ll). 

6 angles from Qualitative fit to the optical 

550 to 1200  model calculations obtained for 
Cu only. 

5 angles from Analysis of the data in terms of 

240  to 1500  an optical model equivalent to 
the non-local model of Percy 
& Buck (24) were consistent 
qualitatively. 

300  to 1200  Reasonable fit for Co and Fe 
observed with a local optical 
potential including surface 
absorption & spin-oçbit coup- 
ling. 

51.50  An additional term proportional 
to n-excess (N-Z)IA, was required 
in the optical potential to fit 
the data. 

550 A reasonably good account of the 
results obtained with optical model 
calculations using the equivalent 
local potential of Percy & Buck (24) 

400,60°;900  Optical modal calculation showed 
reasonable agreement on the average 

100  to 1700  at Only qualitative similarity with 

intervals of optical model calculations for 
100  most cases was obtained. 

300 to 1400  The results disagree with optical 
model predictions. 

19 angles from 300 The overall behaviour for all ax- 
to 1400 cept Zr could be described by 

optical model calculations with 
Rosen (32) parameters. 

10 angles from Poor agreement between experi 
200 to 1450  mental results and calculation 

with optical potential. 

0 3e-75' and A reasonably good agreement for 
300_1500  nearly all the elements except W 

was obtained. 

200_1600 at inter- Rosen optical potentials described 

vals of 140  the polarization data of Cu & Fe 
whereas very little success was 
achieved in fitting data for the 
heavier nuclei (40). 

20 to  650  The data over the complete range 
was reproduced using a standard 
optical potential with addition 
of long range interaction between 
the neutron magnetic moment and 
the nuclear Coulomb field. 

200  - 900  The polarization values for 
scattering angles around 200marked- 
ly different from the optical model 
fit using global potentials. 

Experimental Data Data 	Neutron Energy 
(MeV) 

I. 

	

	Adair et al. 15) 
	 0.4 

(1954) 

3.3 

3.1 

0.38 & 0.98 

0.3 to 1.4 at 
50 keV inter-
val 

24.0 

3.4 

9. Bredin25  (1964) 

Cu, Zr 

0.275 & 0.85 	Zr,Nb,Mo & Cd 

2.0 	 Al, Si,Fe & Co 

2. 	Remund 
17)(1956) 

McCormac et al. 18) 
(1957) 

Clement et al. 19) 
(1958) 

Brown et al. 20) 
(1961) 

Wong et al. 21) 
(1962) 

Duri-sch at al. 22) 
(1963) 

Elwyn at al. 23) 
(1964) 

10. 	Olness et al. 26)  
(1964) 

Ferguson at 
(1966) 

Mahajan (1967) 

Gorlov at al.29)  

(1967) 

Wiedemann at al. 30)  
(1969) 

Ellgehausen at 
(1969) 

Pasechnik at al. 33)  
(1970) 

Zijip & j0nker34  

(1973) 

Waheed35  (1975) 

Hussein at al. 36) 
(1977) 

Galloway &37)  
Wabeed 

(1979) 

1.5 	 18 nuclei from 
Y to U 

0.4, 0.7, 1.0 	14 nuclei from 
Ti to Si 

4.4, 5.0 & 5.5 	20 nuclei from 
Ti to Si 

	

4.0 	 Il nuclei 
Be to Si 

	

3.25 	Mg, Al, Si, & S 

3.25 	6 nuclei from 
Ti to Zr 

1.5, 2.0 	Ti and Cr 

	

3.2 	 20 nuclei from 
Ti to Si 

	

2.9 	 Fe,Cu,I,Bg,Pb 

10.4 	 Si and Pb 

16.1 	 Cu and Pb 
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and Jonker34 , the polarization for Pb at 34
0 
 differs markedly from 

40) Zi.jip and Jonker s value at 30 . Galloway and Waheed 	have recently 

shown that optical model calculations combined with Hauser-Feshbach for-

malism, using global potentials as well as parameters suggested by pre-

vious experimenters for particular nuclei were not very successful in 

fitting both the differential cross-section and the polarization data 

of Waheed35 . 

The present measurements are intended mainly to add more data in the 

region of the heavier nuclei. They include one set of measurement on 

the angular distribution of polarization of 2.9 MeV neutrons for Fe, W, 

Tl, Bi, Pb and U. The measurements for Fe, the polarization values for 

which are quite well established at about this energy, are included 

primarily to serve as a test of the reliable performance of the apparatus. 

Despite the need for polarization data for energies above 5 MeV 

where the absence of complication from compound elastic scattering is 

expected to provide a better test of the optical model, there are only 

three experiments reported as can be seen from Table 1.1. Measurement by 

Wong et al. 
21)  at 24 MeV are well fitted by the Bhetti and Greenlees 39) 

potential, although the measurements were only for the angular range of 

20°  - 80°. The 10.4 MeV data of Hussein et a1.36  are also well fitted 

39) 
by the optical model, using the parameters of Becchetti and Greenlees 

However Galloway and Waheed37  have shown recently that the large magnitude 

of polarization they observed for scattering angles around 200 for 16.1 

MeV neutrons scattered from Cu and Pb could not be fitted, using the 

global potentials of either Rosen or Becc1tti and Greenlees. Another set 

of optical model parameters for Pb, proposed by Fu and Perey 
41)

from a 

satisfactory fit of differential elastic scattering cross-section data 

of about 14 MeV neutrons, also failed to reproduce the 200  value of 

polarization,although the fit for the rest of the angles is reasonably 
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good. Thus a repetition of the 16.1 MeV measurement for Cu and Pb was felt 

necessary in addition to the measurements for C, Fe, I and Hg done in the 

present work for the same angular range. 

Repetition of the 16.1 MeV measurement, discussed in Chapter 4, still 

showed a large magnitude of polarization around 200  for Cu and Pb. This 

encouraged the attempt to set up a double scattering experiment with 14.2 

MeV neutrons, the nearest achievable energy to provide a value of 

asymmetry by a quite different experimental technique. The measurement 

0 	 0 was done for Cu and Pb for angles of 20 and 34 

Since the complete evaluation of the optical model requires differen-

tial cross-section as well as polarization measurements, the present work 

includes also the determination of the differential elastic scattering 

cross-section for scattering of 2.9 MeV and 16.1 MeV neutrons for the set 

of nuclei and the same angular range as for the polarization measurements. 

From the differential cross-sections for "left" and "right" scattering of 

the beam of neutrons, the differential cross-section for the elastic 

scattering of unpolarized neutrons was evaluated by, 

do 	 do 	 do 
el 

d 
el 	 jr el(00) + d (0) 	 L = 	•2 (1.8) 

In the chapter to follow, we present a description of the detector and 

polarimeter assembly and the CANAC system employed in the present work for 

collection of data. Chapter 3 and Chapter 4 include the experimental 

technique used, along with experimental results and comparison with 

available results in nearby energy and angular ranges for the 2.9 MeV 

and 16.1 MeV data, respectively. The double scattering system is dealt 

with, along with the results, in Chapter 5. Chapter 6 is concerned with 

the model fitting of the data. 



-12- 

PUA1DTT'1 	') 

NEUTRON POLARIMETER AND DETECTION SYSTEM 

2.1 	Introduction 

The fast neutron polarimeter used in the present work is capable of 

polarization and cross-section measurements at twelve different angles. 

Detectors in pairs at each scattering angle are placed symmetrically at 

equal distances from the centre of the scattering sample and can be 

rotated about the neutron beam to interchange their roles in order to 

cancel any instrumental asymmetry. Measurements can be made at four 

azimuthal angles from 00  to  3600  at intervals of 900.  The present 

chapter includes a detailed description of the polarimeter, the detectors 

and the CAMAC system used for automatic data collection. 

2.2 	The Neutron Polarimeter 

Fig. (2.1) shows the schematic drawing of the polarimeter originally 

35) 
designed 	for holding six neutron detectors and later modified to hold 

twelve detectors. Two identical wheels of internal and external dia-

meters 62 cm and 86 cm respectively and 2 cm in thickness fixed to-

gether by four steel rods of 3 cm diameter and 57.5 cm length constitute 

the frame for holding two circular tables. Each table has an arrange-

ment for holding six detectors at three different angles at equal dis-

tances of 30 cm from the centre, half of them to the right and half to 

the left. At the centre of each table there is a holder for the 

scattering sample made from very finely machined steel in the form of a 

shallow cup of 2.5 cm diameter. On one table the holder is fixed to a 

threaded base so that the height of the cylindrical scattering sample 

can be adjusted with its axis normal to the scattering table. The sample 

holder on the other table is connected to a compressed air cylinder. 

The sample is fixed to this holder and can be driven pneumatically 

either to sit on the sample holder on the other table, to be in the 
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Fig. 2.1. Fast neutron polarimeter 

(a) plan (b) rear view (c) elevation 

(1) Incident beam direction. (2) Scattering sample. (3) Scattering 
table. (4) Scattered neutron detectors. (5) Wheels for rotation of 
the scattering system about the neutron beam direction as axis. 
(6) Neutron collimator. (7) Motor for rotating the wheels (5). 
(8) Main fram,.e (9) Collimated beam monitor. (10) Bearing supporting 
the rotating wheel. 
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neutron beam for scattering measurements or can be withdrawn from the 

beam for background measurements. 

The polarimeter in its original design 
35) 
 with only one scattering 

table had six detector holders with arms fixed to two rotatable stainless 

steel rings at the centre of the table, the other ends being supported on 

the table by ball bearings. This arrangement enabled measurements to be 

made at three angles in the range 200  to 900  at a time. 	In the 

modified design, the rotating arms on the original table are fixed at 

the three angles 200,  480 and  760.  The second table is made with de-

tector holders fixed to the table at 34°, 62
0 
 and 900 . Thus the 

polarimeter in the present form is capable of making measurements at 

six angles simultaneously. For angles greater than 
9Q0 

 the polari-

meter can be lifted up and rotated through 180°  so that the same set 

of detectors can be used for measurement at six angles from 900  to 

1600 at intervals of 140.  Repetition of the measurement at 900  for the 

two positions of the polarimeter serves as a test for the reliable per-

formance of the system. The detectors can be moved up and down in the 

holders with their axes perpendicular to the scattering table and 

fixed in position at required height by threaded screws. 

The two wheels with scattering tables and the detectors rest on 

four rotating bearings mounted on two stands, so that they are free 

to rotate about an axis joining their centres. The two stands with 

the rotating bearings are fixed rigidly to a thick steel plate which 

can be moved up and down by jacking screws with four ball races under 

them. The plate can be adjusted sideways as well by another four 

screwed rods fixed on to a frame structure. Thus with these facilities 

the accurate alignment of the polarimeter can be easily achieved. 

Once the alignment is done satisfactorily, the plate can be fixed 

rigidly in its position by the four screwed rods and two additional 



rods fixed fixed to the rear end of the frame structure. 

The polarimeter is rotated by means of a motor which drives the 

rear wheel. Switching the motor on and off is achieved by means of two 

relays so that the rotation of the polarimeter can be controlled by an 

automatic arrangement. The cradle can be stopped at any of the four 

azimuthal angles by having four mIcroswitches arranged in order and 

operated by four small projecting hexagonal rods fixed to the rear 

wheel. Measurements made at 	= 0 and 	= ir provide the required 

polarization and cross-section data, while those at 	= 7/2 and 

= 3ff/2 provide a test for any instrumental asymmetry. The direction 

of rotation of the cradle is automatically reversed at 	= 0 and 

= 3rr/2 to avoid twisting of the cables connected to the detectors. 

In any of the four positions of the polarimeter,rivement of the sample 

'in' or 'out' of the neutron beam is achieved by using a third relay 

which activates a solenoid valve supplying compressed air to the 

cylinder connected to the sample holder. 

The whole of the polarimeter assembly described above was placed in 

turn, behind a collimator for neutron collimation and shielding appro-

priate to each particular experiment being carried out. The collimator 

was placed in front of the neutron producing target at the particular 

emission angle selected for each particular experiment. The axial 

alignment of the polarimeter was attained each time by viewing the neutron 

producing target through a series of cylindrical and disc alignment 

inserts with 2mm diameter axial holes. The cylindrical inserts were 

fitted accurately into each end of the collimator tube, while the two 

disc alignment inserts were fitted accurately into the holes of the 

two rotating wheels. The polarimeter was moved vertically and sideways 

till the centre of the target was in line with the axis of the 2mm 

holes in all the inserts. The height of each scattering sample, moved 

to the 'in' beam position, was adjusted so that the centre of the sample 
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was in line with the centre of the target. The neutron detectors were 

also adjusted so that the centres of the liquid scintillators were at 

the same height as the centre of the sample. Fig. (2.2) shows the 

polarimeter with the detectors at angles from 900 - 160°  with the 

sample in the 'out' position. 

2.3.1. The Neutron Monitors 

As mentioned above, the polarimeter in the present work has been used 

with twelve neutron detectors (to be referred to as the side detectors 

hereafter) simultaneously for the polarization and cross-section measure-

ments. Two more neutron detectors were used in addition for monitoring 

the yield of the neutrons. One of the monitors was placed very close to 

the neutron producing target and will be referred to as the target yield 

monitor (TYM). It was used for normalisation. The other monitor, to 

be referred to as the collimated beam monitor (CBM), was placed with its 

axis in line with the axis of the polarimeter forming a part of the 

polarimeter system. This detector was used to monitor the neutron flux 

in the collimated beam and to measure the transmitted flux when the 

scattering sample was placed in the beam. The distance of the CBM from 

the target was chosen so that the collimated neutron cone irradiated 

the whole area of the scintillator. The construction of the TYM and the 

CBM used in each experiment will be described with the particular ex-

periment. 

2.3.2 	The Side Detectors 

The side detectors used are bubble free liquid scintillators 

(type NE213) in cylindrical containers mounted either on a photomultiplier type 

EMI9814B or 56 AVP. The cylindrical containers, made from aluminium of 



Fig. 2.2. Photograph of the fast neutron polarimeter 
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scattering sample (out of beam position) 
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2mm. thickness, are 15.24 cm in length and 5.08 cm in diameter. The 

inner walls of the containers are painted white with light reflector of 

the type NE526 to improve the light collection efficiency. 	A small 

glass chamber with a neck of 2 nun diameter fixed to the top end of the 

scintillator container keeps the sensitive volume of liquid free from 

the nitrogen bubble introduced to allow for the expansion of the liquid 

due to temperature fluctuation. The glass window fitted to the other 

end of the scintillator container is coupled to the photocathode of the photo- 

multiplier tube, by using optical contact grease. 	Fig.(2.3) shows a 

schematic diagram of the bubble free scintillator cell. Each photo-

multiplier tube is surrounded by a mu-metal shield, to minimise 

possible gain changes on rotation due to the effect of the earth's 

magnetic field. 	The photomultiplier tube with its dynode chain is 

mounted in a light tight container. The carbon resistor dynode chains 

used with the two types of tube are shown in Fig. (2.4). Fig.(2.5) 

shows the different parts of the detector assembly. 

2.3.3 	The Scintillation Process 

The scintillation process is one of the oldest methods of nuclear 

radiation detection. In the famous Rutherford scattering experiment, 

Rutherford and his collaborators used this technique for detecting the 

alpha-particles. The basic principle remains the same, the major 

difference in the technique is that now photomultiplier tubes are used 

to register particles instead of individuals looking through microscopes. 

A group of transparent dielectric materials, including many of the 

noble gases, organic and inorganic single crystals, polycrystalline 

materials and organic liquids, are transparent to some part of the wave-

length spectrum of the photons emitted by the excited atoms and ions 
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Fig. 2.3. NE213 liquid scintillator container. 
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along the path of the charged particle. These photons can therefore be 

detected outside the transparent material and it is found that their 

number is approximately proportional to the energy lost within the material, 

in the same way as the number of ions produced within a gas dielectric de-

tector is proportional to the energy lost in that detector. The materials 

which exhibit this property are known as scintillators and the process 

as the scintillation process. 

Major advances towards the modern scintillation counter came with the 

development of efficient photomultiplier tubes of high gain, which are sen-

sitive to very small light intensities. The scintillations produced 

from radiation are converted into amplified electrical pulses at the 

photomultiplier output. These pulses can be fed to electronic circuits 

for amplification, selection and counting. Coltman and Marshall 42) first 

reported the successful detection of cL-particles, protons, fast electrons, 

gamma-rays and neutrons, using a scintillation detector with a well-

designed optical system for reflecting the scintillation emission on to the 

photocathode of the photomultiplier. During the time that has elapsed 

since 1947, the scintillation detector has become the most versatile type 

available for nuclear-radiation detection. The development of improved 

scintillators for higher efficiency, shorter resolving time, and ability 

to distinguish between types of radiation, has taken place in parallel 

with major improvements in the design of photomultipliers for better 

optical coupling, higher photoelectric s.ensitivity, increased photocathode 

area, increased gain and improved time resolution. 

The theory of the process of scintillation in different classes of 

scintillators has been studied in detail by several authors 3 . In the 

present work the organic liquid scintillator type NE213 is used for 

neutron detection. In organic materials the luminescence arises from the 

electronic structure of the conjugated and aromatic organic molecules. 
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The luminescence can occur in all phases, i.e. liquid, solid, plastic, 

gaseous or vapour state. The scintillation efficiency depends on the 

ionisation density, i.e. on the mass and charge of the exciting particles. 

The scintillation emission spectrum of a pure crystal is the sane as the 

fluorescence spectrum apart from any effects due to self-absorption. 

In a binary system the emission spectrum is mainly characteristic of the 

solute, the excitation energy obtained by the solvent molecules from the 

incident radiation being transferred to the solute molecules prior to 

emission. In a ternary system the emission spectrum is mainly that of 

the secondary solute, the excitation energy being transferred via the 

primary solute to the secondary solute. The 

scintillation emission in these systems has a finite rise time or slightly 

lengthened time duration due to the finite time of intermolecular energy 

transfer. The scintillation pulse generally consists of fast and slow 

components. The fast scintillation decay time is typically of the order 

of 2-3 ns, while the slow component that is analogous to delayed fluores-

cence with an emission spectrum similar to the fast component, decays 

non-exponentially over a period of several microseconds. 

When the excitation of molecules is produced by particles that 

results in high ionization and excitation density in the scintillator, 

the efficiency of the scintillator, i.e. the number of photons emitted 

for a given energy deposited, is reduced. This effect is known as 

ionisation quenching and occurs for all organic scintillators. This 

effect mainly affects the intensity of the fast component and has little 

effect on the slow component. However the characteristic decay time 

of the two components is unaffected by quenching. As a consequence, 

the shape of the scintillation light pulse is changed and is dependent 

on the nature of the particle incident on the scintillator. Thus the 

quenching effect forms the basis for all particle identification 
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techniques based on the principle of pulse shape discrimination in 

organic scintillators. 

2.3.4 	Pulse Shape Discrimination 

It is evident from the discussion in the last section that the 

scintillation pulse from most organic scintillators decays with fast and 

slow components and the relative intensity of these components is depen-

dent on the nature of the incident radiation. The organic liquid 

scintillator NE213 used in the present work has the particular feature 

that the intensity ratio of the fast component to the slow component, 

due to proton recoils from incident neutrons, is less than that due to 

electron recoils from incident gamma-rays. 	Discrimination between 

these two incident particles is possible by distinguishing the dif-

ferent current pulses resulting at the photomultiplier output from 

the different intensity ratios. Various techniques have been developed 

and employed for making such a distinction. The technique used in the 

present work is the one commonly referred to as the zero cross over 

timing technique. The technique relies on the fact that the zero 

cross over instant of an integrated and doubly differentiated pulse 

from a single dynode carries information about particle identification. 

The time from the start of such a processed pulse to the zero crossing 

of the amplitude baseline is longer for neutron associated events 

than those due to ganme-rays. Thus pulse shape discrimination (PSD) 

can be obtained by measuring the time intervals between the origins 

of the pulses and their zero cross over instants, which can subsequently 

be converted to proportional pulse heights. A time difference of 20-30 

nanoseconds can be conveniently obtained between the cross over of pulses 

produced by recoil electrons and by recoil protons. The different shapes 

of 	pulses from one of the lower dynodes of the photomultiplier tube 
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after integration and differentiation are as shown in Fig. (2.6). 

The block diagram of the circuit employed for the neutron-gamma 

pulse shape discrimination is shown in Fig. (2.7(a)). The linear pulse 

from one of the last few dynodes of the photomultiplier, after passing 

through a preamplifier, is used as input for both a linear amplifier 

and a pulse shape discrimination unit. The PSD units use the circuit 

designed originally by H. Davie4 , with minor modification necessary 

to use available integrated circuit components. 	The technique employed 

45) 
is similar to that investigated by Roush et al. 	.A discriminator 

is used at the output of the linear amplifier for setting an energy 

bias and also at the output of the PSD unit for rejection of y-rays. 

All the discriminators incorporate a variable delay up to 3 11sec so 

that the optimum time relationship between the two discriminator output 

pulses could be obtained for the following ANDgate. 	Fig. (2.7b) shows 

a spectrum with separated peaks due to y-rays and neutrons from one of 

the twelve detectors, using a PSD unit as described above. The spectrum 

is obtained by using a 
252 

 Ofsource and rejecting events with light 

output less than those produced by 200 keV electron recoils in the 

scintillator. It is clear that amplitude selection of the output pulses 

from the PSD unit, using the integral discriminator, will provide the 

required rejection of y-ray events. 

2.4 The CANAC System 

A CAMAC standard instrumentation interfaced to a PDP 11-05 computer, 

designed and developed by F.MCN. Watson46 , was used for automatic data 

collection and unattended supervision of the running of the experiment. 

The system includes a pulse height analysis programme that enables the 

accumulation of the twelve side detector spectra along with associated 
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monitor counts for each measurement condition of the polarimeter. It 

also includes provision of driving the polariineter to any of the four 

azimuthal positions, as well as sample changing for each position auto-

matically. In addition, facilities for performing routine checks of 

detector bias settings are included. In order to provide efficient 

data handling independent of any other computer system, a disk storage 

system using a flexible disk drive is included. 	The control pro- 

gramme for the system was written in PAL-11, the PDP-11 family assembly 

code, using a text editor and assembler programme provided in the Physics 

Department PDP-11-45 computer and the Edinburgh Regional Computer Centre's 

multi-access system (EMAS). 

2.4.1 	Pulse height analysis facilities are provided by two Laben 

256 channel ABC's (model 8213). One of these is coupled directly to the 

CAMAC dataway through a parallel input register. The other ABC is also 

connected to a similar register through a routing unit, to perform 

event tagging and pile up detection for the twelve side detectors. The 

circuit diagram of the routing unit is shown in Fig. (2.8). The routing 

unit accepts slow coincidence pulses from the twelve 'AND' gate outputs 

corresponding to the twelve side detectors. These are used to produce a 

four bit code for each detector to determine the subgroup in which the 

corresponding event should be registered and a tag bit that is set if a 

pile up condition is detected. The circuit is constructed from TTL 

integrated circuits of the Texas 74N range. The binary codes for '1' 

to '12' for the twelve detector events are produced by using two 7404 

hex inverters and four 7430 eight input NAND gates. But activation of two 

inputs at the same time, produces a code which is the logical 'OR' of 

the two, resulting in misrouting or pile up. The circuit includes 

facilities for detecting the misrouted events, by recording the events 
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Fig. 2.8. Electronic circuit diagram of the routing unit used with the twelve detector system. 
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that result in the codes 13, 14, 15. In order to detect such events all 

the twelve AND gate outputs are fed to a network of exclusive 'OR' 

gates (7486), which produces a high output when at most one of the inputs 

is high. This output forms the fifth routing bit. The leading edge of 

this output is also used to trigger the production of an output pulse, 

which is fed to the coincidence input gate of the ABC to enable it to 

accept an event for analysis. This pulse is further gated by an over-

riding strobe to the coding unit. This facilitates the provision of 

a gating pulse to all the neutron detectors from the slow coincidence. 

The five routing levels mentioned above form the input of five 

of the D type flip-flops of an eight bit latch, which is clocked by a 

strobe pulse of variable duration. This pulse is produced when the dead 

time output from the ABC switches low, indicating that an input has been 

detected. The state of the routing information and pile up bit is 

stored at this instant and does not change until the ABC accepts another 

input. The 'data-ready' signal causes the ABC's 6 bit of data and the 

associated five bit code to be transferred to the input register. 

In addition to the pulse height analysis facilities described above, 

the system also provides simple pulse counting by a CANAC module, con-

taining four independent six decade scaling circuits. The zero scaler 

is used as the system clock driven by an external 1 MHz oscillator, so 

that overflows are signalled at the rate of one per second. The scaler 

counts down from any required counting time to zero, then disables the 

common control level, stopping the ABC's and scalers simultaneously. 

The other three scalers are used for general purpose counting like 

the total monitor counts. 

Four data accumulation regions, each of 1024, 16 bit words, are 

available. In routing mode the first 12 x  64 channels of any area are 

used for pulse height analysis and the last block is used for the scaler 
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information. The scaler totals along with the total ADC counts, pile up 

and misrouting figures are stored in the last block to double precision. 

For data collection with no associated pulse height information a multi-

scaler mode in which the number of events for each detector is recorded 

to double precision for detector stability or false asymmetry checks 

with standard sources is also available. 

Display facilities for the pulse height analysis are provided by a 

19" rack mounted long persistence oscilloscope driven by a CANAC display 

driver. Data may be displayed as a complete group of 1024 channels or in 

groups of 256 or 64 channels. Independent channel limits for each sub-

group within an area can be displayed as 'bright up' spots on the 

oscilloscope. Provision for typing out data, either in complete blocks 

of 1024 channels or in groups of 256 or 64 channels, are included. 

Overlapping of spectra of different accumulation region, spectrum 

subtraction and addition and integration of counts between required 

channel limits are also available. 

Fig. (2.9) shows a photograph of the racks of electronics associated 

with the neutron detectors and the CANAC system. 

2.4.2 	It has been explained in Sec. 2.1 that the polarimeter used in 

the present experiment can be placed in any of the four azimuthal positions 

and that the scatterer can be put either 'in' or 'out' of the neutron 

beam for each polarimeter position. For automatic data collection a 

system by which the computer programme could drive the polarimeter to 

46) 
a particular condition was devised 	. A.C. power is supplied to either 

the 'forward' or 'reverse' coils of the motor via the 'direction' relay. 

This power is fed from the mains through the 'movement' relay which 

starts and stops the rotation of the polarimeter. Each of the four 

positions is entered by a microswitch activated by the hexagonal rods 



Fig. 2.9. Photograph of the racks of electronics used 

with the neutron polarimeter system. 
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fitted to the rear wheel of the polarimeter. For movement to a particular 

position, the appropriate direction is set, then power is applied to the 

coil of the 'movement' relay through the microswitch for the particular 

position. The motor then drives the polarimeter until this microswitch 

is activated, directing power from the relay coil to a divider network 

that causes a light emitting diode to indicate that particular position 

on the control panel. The sample changer relay activates the solenoid 

valve supplying compressed air to either port of the air cylinder, 

moving the sample either 'in' or 'out'. Microswitches indicating the 

sample position illuminate a LED on the control panel. 	A three position 

switch on the control panel selects either manual, off or automatic mode 

of the polarimeter control. For manual control power can be fed to the 

direction and movement relays by four position selecting switches and 

a direction switch and to the sample control relay by a changeover 

switch. 	Each of these switches has a relay in the CANAC switch module 

connected across it, power being routed either through these or through 

the manual switches. The status indicated on the control panel LED's 

is monitored by a CANAC parallel input gate. Automatic control is 

effected by the computer loading the appropriate relay code into the 

switch module and then waiting till the code is replicated on the input 

gate when the requested position is attained. 

Automatic data collection is implemented by typing in a sequence of 

desired measuring positions, each associated with a distinct data 

accumulation area, with the three way key in the control panel switched 

to automatic node. A measuring time to be used for all positions in the 

sequence and a repetition count for the number of cycles of the selected 

sequence are entered as well. When a command to begin the sequence is 

typed in, the computer drives the polarimeter to the first position 

and then works through the requested sequence. While in automatic mode 
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the position of the polarimeter is checked on every, clock interrupt and 

an external error input, normally fed from the accelerator control system, 

is inspected. Whenever a fault in the polarimeter or the accelerator 

shut down is detected, execution of the sequence is automatically sus-

pended. Execution can be restarted from where it stopped after the 

fault has been removed manually. 

2.4.3 	For independent and large scale data storage, a disk unit 

using a flexible disk drive, developed by F.McN. Watson46 , was used. 

The circuit of the CANAC controller for the disk drive is given in 

Ref. 47. Each disk has a capacity of 153 blocks, each block consisting 

of a standard 1024 word data area with associated title and error check-

ing code so that data from each accumulation area can be stored in a 

single block. A file system in which the disk is regarded as an array 

of sequential blocks, with a pointer to the first available space, was 

implemented. The current value of the pointer is recorded on a disk 

cartridge when it is unloaded, the value being read when the disk is 

loaded again. Any block up to the current pointer value can be read 

by specifying the disk address. A directory of the disk addresses 

followed by the title information from the current value of the pointer 

to the beginning of the disk can be typed out at any time. The pro-

gramnw also signals when no more space is available on a disk. 

A data link to the PDP 11-45 computer of the Physics Department is 

established, using a CAMAC peripheral drive module. This is connected 

to a simple programme interrupt interface. Using this link,data blocks 

of 1024 channel can be transferred to the PDP11-45 and thence to the 

computing network of ENAS for off line analysis. 
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CHAPTER 3 

SCATTERING OF 2.9 MeV NEUTRONS 

3.1 	Introduction 

A deuteron beam accelerated to an average energy of 300 keV using 

the Van de Graaf accelerator was employed to produce 2.9 MeV neutrons 

from the 2 
 H(d,n) 3He reaction. The neutrons emitted at an angle of 

490 were collimated and scattered from cylindrical samples for studying 

the angular distribution of polarization and the differential elastic 

scattering cross-sections. Measurements were done for Fe, W, TL,  Pb, 

Bi and U for the angular range of 200  to  1600  at intervals of 14°  

using the polarimeter described in Chapter 2.2. Section 3.2 of the 

present chapter includes a description of the neutron producing target 

and the collimation and shielding employed for these measurements. 

The experimental technique and the electronics associated with the 

neutron detectors and the monitors used for this experiment are des- 

cribed in Section 3.3. 	Section 3.4 includes a description of the 

tests performed with standard sources for detector stability and for 

any instrumental asymmetry. This is followed by the data collection 

and the method of analysis. Experimental results along with different 

corrections and comparison with other available experimental results 

at comparable energy and angle are presented in the last section. 

3.2 	Neutron Producing Target and the Shielding 

The targets used for the production of the 2.9 MeV neutrons were 

of deuterium absorbed in a thin layer of vacuum evaporated titanium 

backed by copper. 	A rectangular piece of such a target about 12 mm long 

and 3 mm wide was soldered on to the copper base of a stainless steel 

target holder in the form of a finger, with provision for water cooling. 

A liquid nitrogen cooled copper tube mounted near the target holder 
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helped to reduce oil contamination and carbon deposition on the target. 

An insulated disc of aluminium with an aperture of 6 mm x  2 mm was mounted 

before the liquid nitrogen cooled copper tube. This helped in obtaining 

a well focussed spot of the incident d-beam on the target by minimising 

the current on this disc by adjustment of the deuteron beam focus. The 

target was mounted, making an angle of 900  to the incident d-beam, thus 

making the energy loss of the beam in the target material a minimum. 

To stop the direct neutrons from the source reaction from being 

registered by the side detectors, a shielding construction which pro- 

vided a collimated beam of neutrons, was used. 	Fig. 3.1 shows a 

schematic drawing of the target, collimator, polarimeter and the extra 

shielding described below. 	The collimator used was of the form of a 

trapezium, made from 1.27 cm thick steel, 46 cm in length with 30 cm 

square face nearest to the target end and 150 cm square face at the 

other end. The collimating tube for the neutron beam consisted of a 

brass cylinder of 5 cm diameter. A brass insert with tapering ends 

slid to the end nearest to the target and provided a throat of 1.5 cm 

diameter. Polythene inserts in the rest of the tube provided a taper 

from the throat towards the exit end. The position and diameter of the 

throat was such that the whole of the scattering sample was illuminated 

by the neutron beam. The tapering angles were chosen such that the 

cone of the neutrons from the target defined by the throat were not 

scattered from the surfaces of the tapering inserts. To reduce the 

energy of the direct neutron flux passing through the shielding by 

inelastic scattering a cylindrical block of lead, 20.3 cm in diameter 

and 20.3 cm in length, was introduced round the collimator tube near 

the target end. 	The rest of the volume of the collimator was filled 

with paraffin wax which moderates the neutrons which are subsequently 

captured and produce gamma-rays. To reduce this gamma-ray flux a 
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7.6 cm thick wall of lead was erected at the back of the collimator. The 

background due to scattering from the walls, floors and surrounding ob-

jects was minimised by shielding the polarineter with walls of concrete 

blocks and a roof built from blocks of paraffin wax. The axial align-

ment of the polarimeter on the deuterium target was done as described 

in Chapter 2.1 and checked each time the deuterium target was changed. 

3.3.1 	Electronics of the side detectors 

The system of electronics used with the twelve side detectors for 

the measurements of angular distribution of polarization and elastic 

scattering cross-section for 2.9 MeV neutrons is shown schematically 

in Fig. (3.2). As already described in 2.2.4, the linear output from 

the preamplifier of each detector was used as input for both a linear 

amplifier and a PSD unit. Two integral discriminators were employed 

at the output of the amplifier and the PSD unit for setting the energy 

bias and rejecting gamma-ray events. 	The linear energy bias was set 

to reject noise and events below about 150 keV recoil electron energy. 

The discriminator at the output of the PSD unit was adjusted to reject 

the gamma-ray events by setting the bias in the valley between the 

gamma and neutron peaks (Fig. 2.7). 	The logic outputs from the two 

discriminators were then fed into a three input AND gate. 	Thus the 

linear output from each detector in coincidence with the corresponding 

AND gate output provides a spectrum of events associated with neutrons 

of energy above about 0.5 MeV. The amplifier outputs from all the twelve 

detectors were fed into a linear OR gate while all the AND gate 

outputs were used with the routing unit. 	The OR gate output, 

used as input for the ADC handling routing,in coincidence with the 

output from the routing unit accumulates pulse height spectra in 

particular sections of the memory selected by the routing 
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Fig. 3,2. A block diagram of the electronics used with the twelve detector system for 

scattering measurements on 2.9 Mev neutrons. 
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pulses as described in Chapter 2.3.1. 

3.3.2 	Target Yield Monitor 

The TYM used to monitor the neutrons from the D(d,n)3He reaction 

consists of a Lii scintillator activated with Europium. A 2 mm thick 

layer of the crystal enriched to about 96 	in 6  L was coupled to a 

EMI6260 type photomultiplier tube. The scintillator was surrounded by 

10.2 cm of paraffin wax to thermalise the fast neutrons. The neutrons 

were detected by the 6Li(n,c)3H reaction, which has a very large cross- 

section for thermal neutrons. 	Any pulses due to gamma-rays would have 

a very small amplitude compared to the thermal neutron pulses and were 

rejected by pulse height discrimination. The detector with its con-

tainer and the carbon resistor dynode chain used with it are shown in 

Fig. (3.3). No pulse height spectrum was collected and the number of 

neutrons detected for any fixed time was recorded in the CAM1C scaler 

by using the discriminator output. 

3.3.3 	Collimated beam monitor 

The collimated beam monitor used consisted of a bubble free NE213 

liquid scintillator of 12.7 cm diameter and 3.8 cm thick, contained in 

a glass cell. A small glass bulb above the sensitive volume of the 

liquid contained the nitrogen expansion bubble. A EMI 9814B type photo-

multiplier tube was coupled to the scintillator through a light guide 

of perspex in the form of a circular cone of 2.5 cm height and end 

faces of 10.2 cm and 2.5 cm diameter. The distance of the CBM was 

chosen (about 2 metres from the target) such that the whole area of the 

scintillator was illuminated by the collimated beam defined by the 

throat and, at the same time, distant enough to avoid contribution to 
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the background of the side detectors by neutrons scattered from the 

monitor. Pulse shape discrimination against gamma-rays was obtained 

by the zero cross-over technique described in Chapter 2.2.4. The 

system of electronics used with the CBM is essentially the same as 

with the side detectors, with the exception that instead of using an 

ADC for pulse height analysis, the AND gate output, after proper 

shaping, was used as an input for the CAMAC scaler to count the number 

of collimated neutrons only. 

3.4 Tests for Instrumental Asymmetry 

Before starting actual data collection for polarization and cross-

section measurements one has to make sure that the detectors are stable 

and the polarimeter system is free from any false asymmetries. This was 

done in two phases using standard gamma and neutron sources and the 

sultiscaler mode of the pulse height analysis system described in 

Chapter 2.3.1. 

Initially the pulse shape discrimination circuits were disabled to 

allow the detection of gamma-rays in the scintillators. A strong 
60 CO 

source ('' 1 nii) was used for this test. 	The source was contained at 

the end of a cylindrical brass rod. A brass disc of 25 mm diameter was 

fixed to the other end of the rod so that it could be mounted in the 

sample holder. The height of the sample holder was adjusted accurately 

so that the source was at the centre of the polarimeter. Having the 

source fixed, the polarimeter was rotated to the two azimuthal positions 

for c = 0 and 	= ir and recoil events were collected in all the 

detectors for the same length of time in the two positions. The rota-

tion was done frequently after every 1000 seconds for better statis-

tical accuracy. The number of recoil events in the two positions were 
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accumulated for about 30 hours, a length of time comparable to an actual 

data collection period. Table (3.1) shows the asymmetries resulting 

from such a test for all the twelve detectors. 

The second phase of the test was to check for false asymmetry, 

using a 
2 2

Cf source (0.5 pg, 268 .iCi) of neutrons. This source was 

chosen, since the average energy of the neutrons from the source is 

about 2.5 MeV and is therefore comparable to the energy of the neutrons 

used from the reaction. A holder was made for the stainless steel 

capsule containing the source such that the holder could be fitted to 

the sample holder of the polarimeter and the height could be adjusted 

to have the source accurately at the centre. The pulse shape discrimina-

tion circuits were incorporated in order to count neutrons only. The 

polarimeter was rotated to the two positions as before and counts 

recorded for the same length of time. Table (3.1) includes the asym-

metries observed from this test also. It is clear from the table that 

the contribution of the instrumental asymmetry is not more than 0.6% 

even for the worst case for tests with both sources. Such a long 

period test was performed once at the very beginning, before forward 

angle measurements were made and again after the polarimeter was rotated 

for backward angle measurements. However tests with both the sources 

were repeated each time actual data collection was halted, either for 

changing the deuterium target, the scattering sample or for maintenance 

work. But in such cases the test was done over a period of 10/12 hours, 

always checking to keep the gain shift below 0.5% in all the detectors. 

It was observed that in addition to bubbles appearing within the 

scintillator, any loose cables, loose capacitors in the photomultiplier 

dynode chain or a loose mu-metal shield could contribute to a remark-

able change in the counting rate on rotation. It was also observed 

that maintaining a particular orientation of each photouiultiplier tube 
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Detector 	Observed Asymmetry 	 Observed Asymmetry 

with 
60 
 Cosource 	 with 252Cf source 

1 .0022 ± .0002 .0024 ± .0002 

2 .0002 ± .0002 .0011 ± .0003 

3 .0019 ± .0002 .oW8 ± .0003 

4 .0026 ± .0002 .0049 ± .0002 

5 .0011 ± .0002 .0005 ± .0002 

6 .0010 ± .0002 .0051 ± .0002 

7 .0022 ± .0002 .0024 ± .0001 

8 .0039 ± .0002 .0003 ± .0002 

9 .0017 ± .0002 .0051 ± .0002 

10 .0033 ± .0002 .0034 ± .0002 

11 .0015 ± .0002 .0018 ± .0002 

12 .0004 ± .0002 .0061 ± .0002 

TABLE 3.1: 	False asymmetries of the detectors with standard 

neutron and gamma sources. 
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to the scattering plane was important in keeping the false asymmetry 

to a minimum. 

3.5.1 	Experimental data collection 

After having the system checked satisfactorily for false asyur-

metries as described in Section 3.4, the 500 keV Van de Graaf accelerator 

was used to accelerate deuterons up to (300 ± 10) keV. The accelerated 

beam was then made to strike the deuterium target to produce 2.9 MeV 

neutrons at an angle of 
490• 

 The focussing of the beam was adjusted for 

minimum current on the d-beam entrance aperture and the beam was steered 

to maximise the number of counts in both the TYM and the CBM with the 

samp1enved. Scattering measurements were started after the neutron 

yield was statistically stable. 

Before starting actual polarization and cross-section measurement, 

another test for any false asymmetry was performed using the 2.9 MeV 

neutrons from the reaction with the polarimeter in the azimuthal positions 

= 7/2 and 	= 37i/2 i.e. normal to the scattering plane. The neutrons 

were scattered from the Fe scatterer and the scattered neutrons counted 

for about 20 hours. The scattering asymmetry in this plane should be 

zero and the values for 200  and 
340 

 scattering were found to be 

.003 ± .008 and .005 ± .01 respectively. 

Measurements were done in two stages, as already mentioned in 

Chapter 2. In the first stage data for all the six samples were accumula- 

ted for the angular range 200  to 
9Q0• 

 The polarimeter was then 

0 	 0 	0 
rotated through 180 and data accumulated for the range 90 to 160 

The samples used were of natural isotopic abundance and made cylindrical 

of 5.2 cm length and 2.54 cm diameter on the average, except for 

tungsten. The measurement time varied from 50-100 hours for the forward 

angles and 100-150 hours for the backward angles for the different samples 
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except for tungsten. The tungsten sample used for the forward angle 

measurement was a hollow cylinder of 5.08 cm length and internal and 

external diameters 0.4 cm and 1.28 cm respectively, while for backward 

angles it was a solid cylinder of 5.0 cm length and 2.0 cm diameter. 

The measurement times for forward and backward angles were 200 hours 

and 250 hours respectively. 

For scattering measurement on each sample, the polarimeter was 

rotated to the two azimuthal positions 	= 0 and 	= rr. In each 

position pulse height spectra for the twelve detectors and the corres-

ponding monitor counts were recorded for both samples in and out of 

the collimated neutron beam. The data were collected for a short 

period of 1000 sec. in each condition and the sequence repeated fre-

quently. This ensured minimum effect due to fluctuation of the in-

cident deuteron beam condition. After every 25-30 hours of accumula-

tion the data was stored on the disk, as described in 2.3.3. At the 

end of the total period for each sample the data was transferred for 

analysis to the EMAS network using the link interface. 

For the determination of the differential elastic scattering 

cross-section the neutron flux incident on the scattering sample has 

to be estimated. There is no straightforward method of measuring 

the direct flux on the sample. However with the CBM in the collimated 

beam it is possible to determine the effective neutron flux provided 

the ratio of the detection efficiencies of the CBM and the side de-

tectors are known. For this purpose, each of the side detectors was 

placed in turn in the direct beam with the scatterer removed and the 

counts recorded for 100 sec. in each of the azimuthal positions. 

The number of counts from the CBM when in the direct beam was also 

recorded for the same length of time and the relative efficiencies 

determined using a normalisation factor provided by the TYM to account 
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for any fluctuations in the deuteron beam current. For the measurement 

on each sample the relative efficiencies were determined both at the be-

ginning and at the end of the measurement and the average was used in 

the cross-section calculation. 

3.5.2 	Experimental Data Analysis 

Following eqn. (1.5), the polarization P(0) due to elastic 

scattering through angle 0, can be determined from the scattering 

asymmetry by, 

1 
P(0) = 	•- r-1  i. 	

(3.1) 
n 

where P 	is the polarization of the incident neutrons and r is the 

right-left scattering ratio expressed by equation (1.4). However since 

the role of the detectors were interchanged to compensate for differences 

in detection efficiencies, r takes the form 

I  NR2  IP
N . c (3.2) 

where NR1/NL1  is the right-left ratio for one of the pair of detectors 

at angle 0 and NR2/NL2  is that for the other. 

The polarization P 	of the neutrons produced in the 2H(d,n)3He 

reaction for deuteron energies below 1 MeV has been measured by several 

experimenters and has been reviewed by Galloway 
48) 

 in 1971. In the 

following years more measurements have been done by Davie and Galloway 49) 

Sikkema and Steendam50 , Alsoraya et al.5  and Galloway and Martinez 

Lugo52 . From all these measurements the value of the neutron polariza-

tion for the 2.9 MeV neutrons at 
490 

 for incident deuterons of 

(300 ± 10) keV energy was estimated to be -15% with an uncertainty of 

±1%. 



3.5.3 

If S is the scattered n-flux at the detector at a distance r 

and at an angle 0 to the scattering sample, due to an incident flux I, 

then the differential cross-section is expressed as 

da 	- Sr2  
dQ 	 IN (3.3) 

where N is the number of nuclei in the scatterer. However for prac-

tical evaluation the above expression has to be modified as follows. 

If 	n d is the counting rate in the side detector of efficiency 	
d' 

subtending a solid angle Q  at the scatterer, due to no  neutrons 

incident on the scatterer, then 

rid 	A 5 
c(0)  

n 
0 

(3.4) 

no  
since I = 	/As, where As  is the area of the scatterer presented 

to the incident n-beam. The neutron flux determined by the CBM of 

efficiency c 
m 	 m 

and surface area A is, 

n 
F = 

m 

mm 

(3.5) 

where n   is the number of neutrons detected/sec by the CBM, with the 

scatterer moved. If, now, r 	and r are the distances respectively 

of the scatterer and the CBM from the neutron producing target, then. 

Fr 2 A 
m 5 

n = 
0 

r 
S 

- 	m 	in 
- 	 A 	 (3.6) 

cA r 2  
mm s 

(replacing F by exp. 3.5). 
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Substituting this expression for no  in (3.4), the expression for 

a(e) becomes 

E 
m 	

r 
S  2 
	

A m 1 
n 

- 
(3.7) - Ed m 	a 	m 

The ratio 	m, 	of the detection efficiency for each detector was 

determined in separate runs, as described in 3.5.1, using the relations, 

m 	 m 	d 

	

= - . - 	 (3.8) 

'd Mm 

where n m 
	d 
' and n 	are the count rates in the CBM and a particular 

side detector in the direct beam and M and M  are the corresponding 

count rates in the TYM. 

3.5.4 

A simple computer programme was written for evaluating the polarization 

and cross-section values for the different angles. The selection of the 

elastically scattered neutrons was done by setting a threshold in the 

proton recoil spectra. To set the threshold correctly, the energy scale 

for each detector was calibrated by using the spectra obtained individually 

with the direct neutrons. 	It has been established for long that the 

recoil protons of a single energy produces a distribution of output pulse 

height H, about a mean value H due to statistical fluctuations in 

the scintillator and the photomultiplier. It is this mean value which 
n e. n 

is proportional to the light output in the scintillator due to the 

energy imparted by the protons of a given energy. It has been shown 53)  

that this distribution is reasonably well represented by a Gaussian 

function and the observed pulse height spectrum is the result of folding 

the scintillator output spectrum with the appropriate Gaussian. 
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Fig. (3.4) shows the pulse height spectrum for one of the side de-

tectors in the direct beam, with the energy bias set to reject proton 

recoil events below about 0.5 MeV and with the pulse shape discrimina-

tion bias set to reject gamma-ray events. The calibration of the 

spectrum, knowing the neutron energy to be 2.9 MeV, was done by working 

out the channel number corresponding to the mean of the observed dis-

tribution as shown by the solid curve. After calibrating the energy 

scale of each detector as above, the channel limit for the required 

energy bias to select only elastically scattered neutrons was determined 

individually for each of the scattering nuclei, depending on the 

excited levels of their isotopes. It was not always possible to avoid 

counting inelastically scattered neutrons completely and at the same 

time achieve a reasonable statistical accuracy for elastic scattering, 

as will be seen later. 	A list of the excitation energies of the levels 

of the different isotopes of the nuclei employed in the present measure-

ment are presented in Table (3.2) along with the natural abundance54  

of the isotopes (those less than 10% are neglected). For each element 

the excitation level corresponding to which the energy bias was set 

is marked with an asterisk. The energy discrimination bias employed 

for each of the nuclei is also listed. 

Using the channel limits determined for accepting elastic events, 

the computer programme integrates the number of counts above the 

threshold for the scatterer in and out of the beam for the two azimuthal 

positions, for each detector. After subtracting the integrated back-

ground counts the polarization and cross-section values were evaluated, 

employing relations (3.1) and (3.7). The cross-sections at each angle 

were determined for each detector separately and the average taken to be 

the cross-section for unpolarized neutrons. The uncertainties associated 

with the measured polarization and cross-section were evaluated as follows. 
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Element Isotope Natural Abundance Ref. Excitation Levels (MeV) Applied Energy 
of the Isotope Discrimination 

Bias 	(MeV) 

(1) 26 26 
 56 

26Fe30  91.66 55 
* 
0.847; 	2.09; 	2.657 2.05 

(2) 74 
182 
74 108 26.41 56 0.100; 	0.329; 	0.681 	.... 2.62 

(total of 41 levels up to 2.316 MeV) 
183 

14.41 57 
* 

0.047; 	0.099; 	0.20; 0.292 74 109
(total of 27 levels up to 1.4 MeV) 

184 
30.64 58 0.111; 	0.364; 	0.7488 74 110

(total of 27 levels up to 2.49 MeV) 
186 

28.41 59 0.122; 	0.397; 	0.738 74 112
(total of 34 levels up to 2.5 MeV) 

(3) 
81 81 

81 
203 

 T 122  29.5 60 
* 
0.279; 	0.681; 	1.045; 	.... 2.62 

(34 levels up to 2.9 MeV) 
205 
81 	124 70.5 61 0.204; 	0.620; 	0.925; 

(13 levels up to 2.7 MeV) 

(4) 
82 82 

206 
82Pb124  23.6 62 0.803; 	1.165; 	1.341; 	1.459; 	1.689 2.31 

(20 levels up to 2.9 MeV) 
207 
82
Pb  

l25 22.6 63 
* 
0.589; 	0.898; 	1.633; 	2.397 

208 Pb 
82l26 52.3 64 2.615; 

( 83B 209 83Bi126  100.0 65 
* 
0.897; 	1.609; 	2.492 	.... 2.0 

(6) U 92 
238 
92 146 99.74 66 

* 
0.045; 	0.148; 	0.308; 	0.519 	.... 2.59 
(total of 58 levels up to 2.308 MeV) 

TABLE 3.2. 	Table of Isotopes with Excitation Levels. 
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The uncertainty associated with the polarization of the incident 

neutrons being very small, the error in the polarization measurement 

was assumed to be mainly due to the statistical uncertainty of the 

observed asymmetry. Thus 

	

LPS 	= 

n 

+( ) + 
r 	~NR1 2 	NLl 2 (NR2 2 	LNL2 

= 

	

	 1 	NL1 	NR2 + _NL2 (r+ 1) 2 

	

NR 	
= + NR 	ANL 	= 	V'NL5 + 
	

(3.9) 

where the subscripts S and B refers to the Counts in the side detec-

tors with the sample in and out of the beam. 

The errors associated with the measured differential cross-sections 

using eqn. (3.7) were 

Statistical uncertainty in the determination of n d and 71 which 

was determined individually for each detector as 

	

= (!!±) / NRS+NRB 	NL +NL 	 n 

	

m V (NR + NL)2 
+ 	 + (—) 	(3.10)

Tim 

Statistical error in the determination of Em/Cd which was found to 

be of order of only 0.5% with the high counting rate in the detectors in 

direct beam. 

Error due to the variation in Cm/Cd during the period of data col-

lection. This was observed to vary from zero to about 5% for the worst 

case. 

Systematic error associated with the measurement of the different 

geometrical factors involved. This was estimated to be ± 2.5%. 
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The data collected for the scattering of the 2.9 MeV neutrons from 

Fe, W, T2, Pb, Bi and U were analysed following the procedure outlined 

above in Sec. 3.5.2 - Sec. 3.5.4. 	The numerical results obtained for 

the distribution of polarizations and cross-sections are quoted in 

Tables 3.3 - 3.8. 

3.6.1 	Finite geometry and multiple scattering correction 

Angular distribution measurements of elastically scattered fast 

neutrons have to be done with relatively large scattering samples, 

because of the small neutron scattering cross-sections and low detection 

efficiency of the neutron detectors. Such a practice leads to the need 

for employing corrections to the observed distribution of polarization 

and cross-section for attenuation of the incident neutron flux in the 

sample, multiple scattering and the finite angular spread of target-

scatterer and scatterer-detector geometry. These effects have been cal-

culated by several authors using either analytical methods 67)  or by a 

68,69) 	71) 	70) Monte Carlo random walk technique 	. Kinney 	and Cox 	used a 

combination of the speed of analytic methods with much freedom from 

approximation of the Monte Carlo methods. Recently Velkeley et al. 72)  

investigating the comparison between the two methods in detail for 

elastic neutron scattering near 9 MeV have quoted agreement within 17. 

under some experimental conditions. 

The differential cross-sectiore for the different nuclei, deduced 

from the experimental data in the present work, were corrected for flux 

attenuation, multiple scattering and finite angular resolution of the 

target-scatterer and scatterer-detector geometry using the Monte Carlo 

program due to Holnx4vist et al.69  and kindly supplied by Drigo73 . 

In the programme, the observed cross-section is subjected to a 
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correction factor of the form 

= 	= • q 	 (3.11) 
F 

where 	is a correction applied for the anisotropic distribution of 

the source neutrons. The factor F/F is for the attenuation of the in-

coining n-flux in the sample and is given by, 

F 	= 	n-flux at the position of the scatter, without the scatterer 

F 	mean n-flux in the scatterer when in position 

= NaTnV/RA 

where a 	is the total scattering cross-section, n is the number of 

nuclei/volume element of the scatterer of volume V, R is the number 

of neutrons interacting elastically or non-elastically at least once in 

the sample and N is the number of neutrons penetrating the area A of 

the scatterer with no scatterer in position. 	The factor q accounts 

for the loss of neutrons in the scatterer by any non-elastic process. 

The programme transforms the observed distribution to the centre of 

mass coordinate system and expresses it in the form of a Legendre poly-

nomial expansion. To calculate the probability of elastic scattering 

to the detectors, the observed distribution is used to calculate dif-

ferential cross-sections at 41 equally spaced points. In the next step 

the programme calculates the multiple scattering correction corresponding 

to elastic and non-elastic multiple interaction in the sample by the 

Monte Carlo method. The Monte Carlo distribution thus obtained is 

normalized to give an area equal to that under the observed angular 

distribution. This normalized distribution is then subjected to an 

iterative procedure to find the corrected distribution. For each value 

of cos 0cm'  the quotient of the observed differential cross-section 

(corrected for a) and the corresponding Monte Carlo distribution is 



-43- 

evaluated. The differential cross-section used as the input of the Monte 

Carlo calculation at each cos 0cm  multiplied by the corresponding 

quotient defines the corrected distribiton. The total, inelastic and 

capture cross-section values needed as the input for the programme were 

taken from Howerton74 . 

The correction of the polarization data for multiple scattering and 

finite geometry was also done by using the same programme as follows. 

From eqn. (1.3) we can write for the differential elastic scattering 

cross-sections for scattering to the "right' (GR)  and to the 'left' 

= 	G(e,O) 	= 	i(l+P n  P S) 

= 	(0, TO 	= 	a(l - P n S P ) 

(3.12) 

and a were calculated from the experimentally determined polariza- 

tion and cross-section values using the above relations. 	a and 

thus calculated were corrected for finite sample size using the Monte 

Carlo code. The corrected polarization values were then evaluated as 

follows, 

PP 
- 

= 
n  Y 	+ 

R 
Cr 
L 

... PS 
1 

= 
U 

GRaL 

L a 	+a 
R 

(3.13) 

3.6.2 	Correction for Inelastic Scattering 

As already described in 3.5.4, the energy bias for each individual 

sample was chosen to reject as many of the inelastic levels as possible. 

The finite energy resolution and the existence of some very low excited 

states for some of the nuclei are the possible limitationsfor rejecting 
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the inelastic contributions absolutely. However the low efficiency with 

which the inelastically scattered neutrons of lower energy could be de-

tected makes such contributionsnegligible. The correction to be applied 

to the observed differential cross-section for inelastic scattering was 

assumed to be, EEc in , where the summation is over relevant excited 

states. The efficiency factor E is determined assuming the same in-

trinsic efficiency for detecting elastic and inelastic scattering and 

considering the finite energy discrimination bias applied. Assuming the 

inelastically scattered neutrons to be unpolarized, the observed polariza-

tion can be corrected for any inelastic scattering by, 

Ece. 
P =
el 	obs 

P (1+ in 
el 

(3.14) 

In the case of the scattering of 2.9 MeV neutrons from Fe and Pb, 

it has already been shown by Galloway and Waheed 40) that the inelas-

tically scattered neutrons make no significant change in the angular 

distribution of the cross-section or polarization. From published data 

on the inelastic cross-sections for Fe 
75) 

 and for Pb 
76)

they estimated 

the contribution to the measured distribution for an energy bias of 1.9 

MeV, to be negligibly small. Thus with a bias of 2.05 MeV for Fe and 

2.31 MeV for Pb in the present measurement the inelastic contribution 

can be assumed to be zero even from the lowest excited state. 

For TZ with the energy bias set at 2.62 MeV, a possible inelastic 

contribution could be due to the level at 0.204MeV of 205T2... Feicht and 

G3bel77  have measured the cross-section for different levels of 203  Ti 

and 
205 

 Ti. 	Assuming an isotropic distribution the cross-section for 

the 0.204 MeV level of 205T2,, from their measurement is (16 ± 1) mb/sr. 

With an appropriate efficiency factor the contribution to the elastic 

scattering cross-section is estimated to be about 5 mb/sr. This can be 
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considered negligible, being smaller than the error associated with the 

minima of the measured cross-sections. 

For Bi, the energy bias set at 2.0 MeV is high enough to reject any 

contribution even from the lowest excited state. 	For W and U no 

correction to the measured cross-section or polarization could be 

applied for a possible inelastic contribution, due to the lack of 

appropriate inelastic cross-section data. 

The distributions of polarization and cross-sections corrected 

for all the effects discussed above are listed in Tables 3.3 - 3.8 for 

all the nuclei, along with the uncorrected experimental results. 

It is clear from the tables that the correction to the polarization 

values for finite geometry and multiple scattering effects are very 

small. In the majority of the cases, the correction is within the 

statistical uncertainty of the experimental values. The experimentally 

measured values of polarization for Pb and the values corrected for 

the above-mentioned effects are presented graphically in Fig. 3.5 for 

comparison. 	Fig. 3.5 also shows the uncorrected and corrected dif- 

ferential cross-section values for Pb. For the differential cross-

section the correction is mostly due to the attenuation of the in-

cident neutron beam in the sample. For the example of Pb, while the 

flux attenuation correction is about 117 for all the angles, the 

multiple scattering correction varied from about 8 at 200, 4% at 

900 to 2% at 160
0 . 



TABLES 3.3 -3.8 

Uncorrected and Corrected Distribution of Polarization 

and Cross-section of 2.9 MeV Neutrons Scattered From 

Fe, W, T2, Pb, Bi and U. 
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Lab 
Angle 

(Degrees) 

Uncorrected 

0(0) 	 P(0) 

mb/sr 
o(0) 

mb/sr 

Corrected 

P(0) 

20 562 ± 20 -0.12 ± 0.01 843 ± 25 -0.12 ± 0.01 

34 432 ± 15 -0.13 ± 0.02 636 ± 19 -0.12 ± 0.02 

48 211 ± 19 -0.19 ± 0.03 271 ± 24 -0.21 ± 0.03 

62 102 ± 12 -0.13 ± 0.05 118 ± 15 -0.13 ± 0.06 

76 60 ± 8 +0.16 ± 0.08 58 ± 10 +0.26 ± 0.11 

90 55 ± 5 +0.05 ± 0.09 57 ± 7 +0.12 ± 0.12 

104 68 ± 3 -0.09 ± 0.07 77 ± 4 -0.11 ± 0.09 

118 78 ± 10 -0.10 ± 0.07 96 ± 13 -0.11 ± 0.08 

132 66 ± 3 -0.16 ± 0.09 74 ± 3 -0.21 ± 0.11 

146 73 ± 7 +0.29 ± 0.11 86 ± 9 +0.42 ± 0.12 

160 72±4 - 85±6 - 

TABLE 3.3 - IRON 
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Uncorrected 	 Corrected 

Lab 
Angle 	 a(0) 	 P(e) 	 a(0) 	 P(e) 

(Degrees) 	
mb/sr 	 mb/sr 

20 3278 ± 110 -0.18 ± 0.02 4391 ± 134 -0.15 ± 0.02 

34 1280 ± 99 -0.26 ± 0.04 1583 ± 12 -0.25 ± 0.04 

48 348 ± 37 -0.38 ± 0.09 357 ± 45 -0.41 ± 0.11 

62 145 ± 24 +0.32 ± 0.18 133 ± 29 +0.53 ± 0.24 

76 120 ± 12 +0.05 ± 0.18 114 ± 15 +0.12 ± 0.23 

90 147 ± 5 -0.12 ± 0.14 161 ± 11 -0.09 ± 0.12 

104 120 ± 5 -0.32 ± 0.17 129 ± 9 -0.47 ± 0.24 

118 114 ± 19 -0.04 ± 0.15 134 ± 27 +0.02 ± 0.19 

132 64 ± 5 -0.22 ± 0.28 58 ± 8 -0.35 ± 0.47 

146 83 ± 8 +0.51 ± 0.41 94 ± 12 +0.76 ± 0.51 

160 48 ± 15 +0.60 ± 0.68 47 ± 21 +0.88 ± 1.02 

TABLE 3.4 - TUNGSTEN 



Uncorrected 	 Corrected 

Lab 
Angles 	a(0) 	 P(0) 	 c(0) 	 P(0) 

(Degrees) 
mb/sr 	 mb/sr 

20 2359 ± 92 -0.13 ± 0.01 3528 ± 119 -0.11 ± 0.01 

34 1126 ± 41 -0.12 ± 0.02 1599 ± 54 -0.10 ± 0.02 

48 250 ± 15 -0.10 ± 0.05 248 ± 20 -0.09 ± 0.07 

62 151 ± 7 +0.03 ± 0.09 151 ± 10 +0.06 ± 0.11 

76 142 ± 6 +0.21 ± 0.07 148 ± 9 +0.29 ± 0.10 

90 185 ± 24 +0.12 ± 0.08 259 ± 31 +0.16 ± 0.08 

104 176 ± 21 -0.18 ± 0.12 185 ± 27 -0.26 ± 0.16 

118 158 ± 10 -0.11 ± 0.12 184 ± 13 -0.10 ± 0.13 

132 90 ± 5 -0.23 ± 0.13 83 ± 7 -0.34 ± 0.21 

146 132 ± 18 -0.11 ± 0.13 145 ± 24 -0.22 ± 0.16 

160 201 ± 12 +0.81 ± 0.19 239 ± 16 +0.95 ± 0.22 

TABLE 3.5 - THALLIUM 
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Uncorrected 	 Corrected 

Lab 
Angle 	 a 	p 	a M 	 P(e) 

(Degrees) 
mb/sr 	 mb/sr 

20 2344 ± 85 -0.16 ± 0.01 3383 ± 107 -0.15 ± 0.01 

34 1162 ± 42 -0.14 ± 0,03 1588 ± 53 -0.12 ± 0.03 

48 321 ± 10 -0.15 ± 0.04 346 ± 14 -0.16 ± 0.05 

62 205 ± 24 +0.25 ± 0.07 216 ± 30 +0.38 ± 0.09 

76 259 ± 30 +0.17 ± 0.05 283 ± 38 +0.18 ± 0.06 

90 254 ± 14 +0.10 ± 0.09 292 ± 18 +0.19 ± 0.09 

104 235 ± 8 -0.05 ± 0.10 262 ± 11 -0.13 ± 0.11 

118 212 ± 7 +0.12 ± 0.11 232 ± 10 +0.23 ± 0.12 

132 165 ± 12 -0.46 ± 0.15 166 ± 15 -0.69 ± 0.20 

146 234 ± 12 +0.25 ± 0.15 264 ± 16 +0.37 ± 0.17 

160 349 ± 22 +0.24 ± 0.13 429 ± 28 +0.30 ± 0.13 

TABLE 3.6 - LEAD 
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Uncorrected 	 Corrected 

Lab 
(e) 	 P(o) 	 a(e) 	 P(e) Angle 

(Degrees) 	mb/sr 	 mb/sr 

20 2290 ± 194 -0.14 ± 0.01 3182 ± 237 -0.13 ± 0.01 

34 1175 ± 78 -0.18 ± 0.02 1588 ± 96 -0.19 ± 0.02 

48 374 ± 33 -0.22 ± 0.04 401 ± 41 -0.25 ± 0.05 

62 286 ± 34 -0.04 ± 0.05 323 ± 42 -0.03 ± 0.06 

76 334 ± 22 +0.15 ± 0.04 377 ± 28 +0.20 ± 0.05 

90 322 ± 24 0.07 ± 0.05 380 ± 30 +0.09 ± 0.05 

104 274 ± 23 +0.04 ± 0.11 296 ± 29 +011 ± 0.14 

118 262 ± 21 -0.14 ± 0.11 299 ± 26 -0.19 ± 0.11 

132 199 ± 13 -0.62 ± 0.14 205 ± 17 -0.80 ± 0.20 

146 267 ± 18 -0.23 ± 0.16 303 ± 23 -0.27 ± 0.17 

160 341 ± 23 +0.26 ± 0.15 406 ± 29 +0.36 ± 0.17 

TABLE 3.7 - BISMUTH 
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Uncorrected 	 Corrected 

Lab 
Angle 	 P(0) 	 o(@) 	 P(3) 

(Degrees) 
mb/sr 	 nib/sr 

20 1926 ± 119 -0.17 ± 0.01 3732 ± 185 -0.17 ± 0.01 

34 713 ± 76 -0.23 ± 0.03 1147 ± 118 -0.25 ± 0.03 

48 203 ± 39 -0.14 ± 0.05 243 ± 61 -0.12 ± 0.08 

62 149 ± 20 +0.07 ± 0.06 170 ± 32 +0.16 ± 0.10 

76 194 ± 26 +0.05 ± 0.06 255 ± 41 +0.12 ± 0.06 

90 274 ± 42 -0.15 ± 0.06 380 ± 65 -0.17 ± 0.07 

104 247 ± 22 -0.13 ± 0.12 362 ± 35 -0.09 ± 0.13 

118 122 ± 21 -0.19 ± 0.16 123 ± 33 -0.25 ± 0.27 

132 148 ± 32 -0.15 ± 0.17 177 ± 50 -0.18 ± 0.22 

146 181 ± 17 +0.05 ± 0.12 229 ± 27 +0.07 ± 0.15 

160 169 ± 15 +0.46 ± 0.24 201 ± 25 -i-0.64 ± 0.31 

TABLE 3.8 - URANIUM 
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3.6.3 	Comparison with Other Results for Cross-Section and Polarization 

Iron 

Fig. 3.6 shows the present polarization values for Fe to be consis-

tent with the measurements of Galloway and Waheed40  at the same energy, 

Ellgehausen3 	at 3.25 MeV and the four points of Zijip and Jonker34  at 

3.2 MeV. Thus reliable performance of the system for polarization measure- 

ment is established 

The cross-section values are also presented in Fig. 3.6 along with 

those of Galloway and Waheed40  and Ho1nx:ivist14 . The present cross-section 

values for the backward angles are in very good agreement with both the 

measurements. For most of these angles it is in closer agreement with 

Holmqvist's14  values which result from measurement done with a system carefully 

designed for cross-section measurement, unlike the system used in the 

present work and that of Galloway and Waheed which is designed with 

importance to polarization measurement. 

The lesser agreement at the forward angles could be due to the 

fact that the measurement on iron, being the very first done, the 

calibration for detector efficiency determination could not be done 

frequently and efficiently. However the discrepancy is not to such 

extreme as to require discarding of any of the values. The marked 

difference at 620  and 76°  from the values of Galloway and Waheed4°  

can not be regarded as too serious, since the Holnxvist points at the 

nearby angles of 600,  700 and  800  are intermediate to these measurements. 

Tungsten 

Comparison of the present polarization values for tungsten at 340, 

034) 
48 and 62°  with those of Zijip and Jonker /in Fig. 3.7, shows fairly 

good agreement. Although the sign of the polarization at 76°  from the present 



Key to symbols used in Fig. 3.6 - Fig. 3.11. 

0- present experimental values. 

- Galloway and Waheed40 . 

	

*- 	Holmqvist 14)  

- 	Zijip and Jonker 34)  

'- Ellgehausen et al 

	

X- 	Becker et al. 78)  

	

I- 	Popov 79)  

- 	Tanaka et al. 80)  

	

- 	Batchelor et al. 81)  



C C 	C 	0 	C 	 c 	i 
MOIJ,V7PIVIOr 	 ' (/qw) Nol 	-soro 

bD 



0 	 0 
-I 

I 	 I 	 I 	 I 	 I 
	

(JF/qw) MOI O) 
MO I J V?I MV I Od 

0 
r1 

OD 

- 

I. 

I— 	I 

H 	I 

0- 	 —i 

—.-1 
101 	-1 

1* 

-.--- —WI 

I 	• 	I 

II 

- 	I 	 I 	I 

I.' 

I 	I 	I 	I 11111 	I 	I 	I 	 111111 	I 	I 	• l 	Iiiii 	I 	I 	I 

0 
03 
'-I 



-53- 

measurement is different from their result at 750,  the two results can be 

considered to be consistent, taking account of the large error associated 

with both. No polarization measurements are available for backward 

angles at comparable energy. 

The present cross-section values for tungsten are also consistent 

with those of Becker et a1.78  at 3.2 MeV as can be seen in Fig. 3.7. 

However, since the experimental data could not be corrected for possible 

inelastic contribution, the present cross-section values compared in 

Fig. 3.7 and quoted in Table 3.4 include contributions from the six 

inelastic components (Table 3.2), below the one for which the energy dis- 

crimination bias was applied. 

Thallium 

Fig. 3.8 shows the present polarization measurements to be in good 

agreement with forward angle measurements of Zijip and Jonker34 . No 

polarization data for the backward angles at nearby energy are available 

for comparison. 

Fig. 3.8 also includes a comparison of the present cross-section 

measurement with the measurement of Becker eta1.78  at 3.2 MeV. Al- 

though the quantitative agreement is not very close, the present results 

are consistent with the comparatively less accurate results of Becker et al.78 . 

Lead 

The results of the present polarization measurement on Pb are corn- 

34) pared with the results of Zijip and Jonker 	and Galloway and Waheed 40)  

in Fig. 3.9. While the polarization value of Zijip and Jonker at 30°  

is significantly different from the value of Galloway and Waheed at 34°, 

it is consistent with the present result at 340 The other forward angle 
(except o) 

polarization values of the present rneasurennt/are in reasonable agree-

ment with those of Galloway and Waheed 40) at similar angles and Zijip and 
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Jonkers at neighbouring angles. The agreement between the backward angle 

values of the present measurement and that of Galloway and Waheed40) is 

rather poor. 

The differential cross-section values of the present measurement are 

compared with those of Becker et al. 78) and Galloway and Waheed4 	in 

Fig. 3.9. At the forward angles the present results are consistent with 

the results of both the measurements. The present values at 1040,  1180  

and 1320  are in closer agreement with the values of Becker et al. 78)  at 

00 	 0 
the nearby angles of 100 , 120 and 130 , than those of Galloway and 

Waheed40) at similar angles. 

Bismuth 

The present measurements on the angular distribution of polarization 

34) 
for Bi are compared with those of Zijip and Jonker at nearby angles in 

Fig. 3.10. At the forward angles the two sets of results agree reason-

ably although the magnitude of the present measurements are slightly 

larger for all the angles. At the backward angles the two results are 

less consistent. 

The differential cross-section results for Bi are also presented 

in Fig. 3.10 with those of Becker et a1.78 , Popov79  and Tanaka et ai.80). 

There is significant scatter in the results of the different sets of 

measurements. While the measurements of Becker et a1.78  and Tanaka et al. 80)  

are in good agreement in the range 600  - 1300, they differ markedly at the 

most forward angles. The results of Popov 79)  at 30 o , 90 
o 
 and 1200  are in 

close agreement with those of Tanaka et al. 
80) 

 but less consistent at the 

rest of the angles. Although the present measurementfalls in the general 

trend up to 500  and follows the overall pattern of maxima and minima, 

the values at the rest of the angles are consistently larger in magnitude. 
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Uranium Uraniurn 

While there is no other polarization measurement available for U 

at comparable energy, the cross-section values are compared with those 

of Batchelor et al. 81) in Fig. 3.11. The cross-section values from the 

present measurements are consistently larger in magnitude than the other 

measurement. However it is to be noted that the present cross-section 

values include a contribution from the first two excited states of 

energy 0.045 and 0.148 MeV, which could not be discriminated by the 

applied energy bias (Table 3.2) and could not be accounted for in the 

analysis due to the lack of appropriate inelastic cross-section data. 
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CHAPTER 4 

SCATTERING OF 16.1 MeV NEUTRONS 

4.1 	Introduction 

The anomaly in the comparison of the only existing results for 

16.1 MeV neutron polarization due to scattering from Cu and Pb, with optical 

model calculation based on global potentials, leads to the present 

measurements on neutrons of the same energy and for the same nuclei. 

The present measurements also included scattering from C, Fe, I and Hg 

in the angular range of 200  to  900.  The 16.1 MeV neutrons were pro- 

duced at an angle of 
750 

 to the incident deuteron beam, from the 

3H(d,n)4He reaction. The incident beam consisted of 1 ns pulses of 

deuterons provided by the 3 MeV pulsed beam Van de Graaf accelerator 

IBIS at AE.R.E., Harwell. The polarimeter, described in Chapter 2 

with all the twelve detectors and associated electronics was shifted 

to Harwell for these measurements. The neutrons were scattered from 

cylindrical samples and the measurements done by employing the pulsed 

beam time of flight technique. 

In the following section a brief description of the time of flight 

technique is included. Section 4.3 embodies the experimental arrange- 

ment, the electronics involved and the monitors used for the measure- 

ment. The results of the angular distribution of polarization and 

differential elastic scattering cross-section along with different 

corrections are presented in the last section. 

4.2 Pulsed Beam Time of Flight Technique 

Time of flight spectrometry in neutron angular distribution measure-

ments has turned out to be profitable in reducing the background from 

unknown or unavoidable sources. 	Slow neutron time of flight techniques 
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have been used for many years. But the extension of this technique to 

higher energies was delayed by the necessity of improving the versatility 

of photomultiplier, scintillator and amplifiers to be accessible in the 

ns range for the fast neutrons. 	The design of time of flight spectro- 

meters is characterized by the measurement of the time elapsed between 

the time a neutron is produced and the time at which it is detected. 

Thus the basic problems involved in the time of flight techniques are 

the production of a signal giving the time zero at the start of 

the flight of the neutrons and 

the production of another signal corresponding to the end of its 

flight. 

While the arrival of a neutron in a detector at a definite time after 

its production from the target marks the end of its flight path, two 

different methods are adopted for the production of the zero time, i.e. 

the start signal of the neutrons. On the basis of these methods, neutron 

time of flight spectrometry bifurcates into two major classes, namely 

Pulsed beam time of flight technique (P.S.T.) and 

Associated particle time of flight technique (A.P.T.) 

In the following we discuss the pulsed beam technique, the technique 

adopted for the 16.1 MeV neutron scattering measurements. The A.P. 

technique used for the 14 MeV neutron double scattering experiment will 

be dealt with in Chapter 5 along with the experiment. 

The P.S.T., in principle, can be applied to all types of neutron 

producing reactions and gives a zero time independent of the reaction 

mechanism. In this method the beam of incident particles which initiate 

the reaction is pulsed on to the target with the requirements that 

(a) 	the duration of the pulse is short compared to the flight time 

measured and 
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(b) 	the repetition rate is such that the longest flight time of interest 

can be measured before the arrival of the succeeding beam pulse. 

The relationship between the flight time and the energy of a non-

relativistic neutron for the flight path d measured in metres is 

t 	= 	72.3d/E' 

where t is measured in ns and E in MeV. 	Hence for a flight path of 

one metre, the interval of time for neutrons of energies in the range 

0.5 to 15 MeV is of the order of a few ns to 100 ns. The energy resolu-

tion is related to the time resolution by 

dE - 2dt - VEdt 
E - t - 36.2d 

It follows from the above that for a given neutron of energy E, the 

energy resolution can be improved either by increasing d, the flight 

path or by decreasing dt. Since the counting rate is governed by the 

inverse square law of flight path, it is advantageous to decrease dt 

rather than to increase d. 

Van de Graaf, Cockroft-Walton and Cyclotron accelerators are common-

ly used for fast neutron time of flight studies. In the Van de Graaf 

and Cockcroft-Walton machines, which usually accelerate a beam con-

tinuously, the beam must be modulated by an external device. Different 

methods for pulsing the beam are in use. The method adopted for the 

IBIS accelerator at Harwell, is the Mobley Magnet compression method 2  

In this system the accelerated beam is swept across the double focussing 

Mobley magnet such that the pulses are compressed to a small width of 

about 1 ns on to the target. The peak current in such a system can be 

several milliamperes. The time of emission of the neutrons is indicated 

by a voltage pulse induced in a pick up tube before the target. The 

current pulse from the electrode is used to operate a fast sensitive 
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tunnel diode trigger circuit, whose output is large enough to operate 

timing equipment. 

4.3 .1 	Experimental Arrangement 

The tritium gas target at Harwell being at a height of 32 ft. above 

the ground, the polarimeter was mounted on a tower in front of the target. 

The target consisted of a tritium gas cell of 1 cm thickness filled to 

1 atmosphere pressure. The main body of the shielding between target and 

the polarimeter was a water filled tank 120 cm diameter and 120 cm high, 

fitted with a tapered throated collimating tube. Fig (4.1) shows a 

schematic diagram of the experimental arrangement. The throat and the 

tapering for this experiment was designed to have two apertures of dif-

ferent shapes in succession. Near the target end the aperture was made 

circular, which was then extended to a rectangular aperture, such that 

the whole of the cylindrical scattering sample could be illuminated by 

the collimated neutron beam defined by the first aperture. Close to the 

target end the collimating tube was surrounded by a cylinder of iron of 

length 15 cm and diameter 20 cm to provide attenuation pf the direct 

neutron flux from the target by inelastic scattering. In the remaining 

length of the collimator a cylinder of paraffin wax of the same diameter 

extended as far as the circular aperture, while around the rectangular 

aperture and throat it was made wider of 37 cm diameter. Tapered 

polythene inserts were used in the circular aperture while the rectangular 

throat and the taperings were made of brass. All these arrangements 

were made to minimize the intensity of the direct neutrons from the target. 

Along the outer diameter of the water tank, two wedges of the same height 

as the tank and made of paraffin wax were fixed on either side to provide 

extra shielding. The collimator and the polarimeter was set at an angle 

of 75°  with respect to the deuteron beam line and the axial alignment of 

the polarimeter to the target was adjusted as described in Chapter 2.2. 
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The scatterers used were cylindrical, of diameter 5.08 cm and 9.9 cm in 

height on the average, placed at a distance of 180 cm from the target. 

Iodine and mercury samples were each contained in a thin walled stainless 

steel cylinder. The background measurements for these samples were done 

with an identical empty container in place of the sample. 

4.3.2 	Electronics of the System 

The block diagram of the system of electronics employed with the 

twelve side detectors for polarization and cross-section measurements 

is shown in Fig. 4.2. The slow channel of the side detectors was the 

same as the one used for the 2.9 MeV measurement explained in 3.3.1 

except that the linear energy bias in the present case was set to 

reject proton recoil events below 10 MeV. The fast output from all 

the twelve detectors were fed to a fast OR unit. The output from the 

OR unit after amplification through a fast amplifier was used as the 

start input for a time to amplitude converter (TAC). The stop pulses 

for the TAC were provided by the pulsed beam pick up unit. The TAC 

output was used as the linear input for the ADC handling routing. 

This, in coincidence with the output from the routing unit accepting 

AND gate signals from the slow coincidences for each detector, stored 

the neutron time of flight spectra in the appropriate sections of the memory. 

The detector used as the collimated beam monitor for the 2.9 MeV 

scattering measurements and described in Chapter 3.3.3 was used as the 

target yield monitor for the 16 MeV neutrons, placed on the target 

side of the water tank. The block diagram of the circuit employed 

with this detector is shown in Fig. (4.3). The slow coincidence was 

the same as for the side detectors, selecting only neutrons of energy 

more than 10 MeV. The timing pulses from the anode of this detector, 

after amplification by a fast amplifier, were used as the start input 



Fig. 14.2. A block diagram of the electronics used for scattering measurements on 
16 IVIeV neutrons using time of flight technique. 



Fig. 4.3. Block diagram of the arrangement of the electronics used with the 

target yield monitor 
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for a TAC, the stop pulses being provided by the pulsed beam pick up unit. 

The TAC output was used as input for a single channel analyser. The 

lower and upper limits of the SCA were set to select only the time of 

flight peak. The SCA output in coincidence with the slow channel coin-

cidence output was used as input for one of the scalers in the CANAC 

system to count the number of neutrons produced from the source reaction. 

The CBM used for the 16 MeV neutrons consisted of a circular disc of 

plastic 30 cm in diameter and 5 cm thick, coupled to a XP1040 type of 

photomultiplier tube83 . 	A conical light guide of perspex, 13 cm long 

with circular end faces of diameters 11 and 30 cm, was used for coupling 

the scintillator to the photomultiplier tube. The electronics associated 

with the CBM was the same as the TYM except that no pulse shape discrimina-

tion was necessary. The CBM was placed in line with the axis of the col-

limated neutron beam at a distance of 316 cm from the tritium gas cell 

such that the whole of the collimated beam was intercepted by the 

scintillator. 

4.4 Experimental Measurement and Analysis 

After careful alignment of the polarimeter and the collimator with 

the tritium target, the detector system was checked for gain change and 

false asymmetries, using the 
60 
 Cosource of gamma rays. The test was 

performed in the same way as described in Chapter 3.4. When the test 

with the source was satisfactory, the pulsed beam of deuterons from 

the accelerator was used to strike the tritium gas target and produce 

neutrons of 16.1 MeV energy at an angle of 750 (lab.). The experimental 

data were collected with the scatterers in and out of the neutron beam 

when the polarimeter was rotated to the two azimuthal positions 	= 0 

and q, = ff. 	As in the case of 2.9 MeV neutrons, the data in each 
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position was collected for a short period of 1000 sec. and the sequence 

repeated frequently. The data for each of the nuclei were accumulated 

for 12/13 hours, except for C which was done for only four hours. 

The relative efficiencies of the twelve side detectors were determined 

at the beginning and at the end of the experiment in the same way as 

described in Chapter 3.5.1. The relative efficiencies could not be 

determined separately for the measurement on each scattering sample, 

as was done for the 2.9 MeV cross-section measurement for two reasons, 

namely, the limited accelerator running time available and the need 

for switching the accelerator off each time a detector was to be placed 

manually in the direct beam. The average of the two measurements was 

used for the cross-section calculation for all the samples. 

The polarization and the cross-section values, from the observed 

right and left scattered counts were calculated using the formulae 

3.1, 3.2 and 3.7 and the same computer programme discussed in 3.5.4. 

The channel limits in this case were determined to integrate the 

counts under the time of flight peak only. Fig. 4.4 shows the time of 

flight spectra for both scattering and background for Pb and for one 

of the pair of detectors at 200 and 90 0 	
The arrows indicate the channel 

limits used for integration. The background counts varied from 20% 

at 200  to about 85% around 900  for the different nuclei. 

The polarization of the neutrons from the 3H(d,n)4He reaction, 

required for calculating the polarization analysing power for dif- 

ferent nuclei from the measured asymmetries was estimated from estab-

lished results of different experimenters. Fig. 4.5 shows a plot of 

the various measurements (84-87) of polarization of neutrons from the above 

reaction for deuteron energies in the range 1.5 to 4.5 MeV and emission 

angles from 700  to 80°. From all these measurements a value of 

-.24 ± .03 was estimated for incident deuterons of 2.8 MeV and a neutron 
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emission angle of 75°. This may introduce an uncertainty of ± 12.5% in 

the values of the polarization analyzing power. However this was found 

to be less than the statistical uncertainties for all angles except for 

200. The errors associated with the measured polarization and cross-

section values were estimated following the same procedure outlined 

for 2.9MeV scattering in Chapter 3.5.4. 	However in the present cross- 

section measurement, the errors due to the variation in the relative 

efficiency em/Ed  was found to be most important and estimated to be 

about ± 10%. The uncertainty resulted because of the limitation in 

doing frequent inter-calibration for practical reasons explained in 

Section 4.4. 

4.5.1 	Experimental Results 

The polarization values for Cu and Pb from the present measurement 

are presented in the first column of Tables4.1 and 4.2. In the second 

column of these tables are listed the values of the previous measure- 

ments of Galloway and Waheed37 . 	Clearly the large magnitude of 

polarization at 200  is consistent in both measurements. However, the 

agreement between the two sets of results for most of the angles are 

very poor. The error associated with the polarization values from the 

present measurement, for angles greater than 480  are very large. This 

was anticipated as the measurement time was chosen in order to achieve 

reasonable accuracy for 200  and 
340 

 values only. It is therefore 

difficult to arrive at any conclusive result for all the angles from 

these sets of measurements. However the existence of data to be 

analysed, collected for longer periods by F. McN Watson46 , lead to 

the possibility of conclusive and additional results. These data 

consist of measurements in the angular range of 200  to  1600  for Cu, 

Pb, Fe, Hg and W, while for C and I in the range 20°  to 900. All 
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these data were analysed in the same way as described in Section 4.4. 

The results for Cu and Pb polarization from these measurements are listed 

in the third coluim of Tables 4.1 and 4.2, while in the fourth column  

are the values finally decided from the two recent measurements. The two 

recent measurements are preferred in determining the final results be-

cause of the improvement of the system for background measurement. The 

polarimeter in its original form, used for the first set of measurements, 

did not have the pneumatic sample moving system. The 'sample in?  

measurements were, therefore, done for many hours and then the 'sample 

out' measurement done for the same time, after removing the sample 

manually. 	This involved closing the accelerator off briefly. But 

with the automatic sample changing system in the two recent measurements, 

the 'sample in?  and 'out' measurement could be done frequently without 

disruption of the accelerator running and providing improved and 

statistically accurate background data. Also the improvement in the 

collimation of the incident neutron beam by incorporating the rectangular 

aperture described in 4.3.1, and the use of extra shielding, ensured 

improved scattering data in the recent measurements. 	In determining 

the final values, a weighted average of the two measurements is taken 

for the 200 
	0 	0 
, 34 and 48 values, while for the rest, the value with the 

better accuracy is taken to be appropriate. For the backward angles, 

analysis of the only measurements done by F. McN. Watson are accepted. 

The values of differential cross-section for all the nuclei 

°-determined by taking the average of the two recent measurements. 

The final values of the angular distribution of polarization and cross-

section for all nuclei mentioned above are presented in Tables 4.3 to 

4.9, along with the values corrected for different effects discussed 

below. 
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Angles Present Measurement Measurement Final 
Measurement of of Values 

Galloway & 
F.MCN. Watson46)  

Waheed3  

200 +0.36 ± 0.02 +0.39 ± 0.03 +0.49 ± 0.01 +0.43 ± 0.06 

340 
+0.36 ± 0.09 +0.18 ± 0.08 +0.46 ± 0.04 +0.44 ± 0.04 

48°  +0.14 ± 0.15 -0.25 ± 0.06 -0.04 ± 0.06 -0.02 ± 0.05 

62°  +0.02 ± 0.39 -0.83 ± 0.15 +0.02 ± 0.10 +0.02 ± 0.10 

76°  -0.09 ± 0.28 -0.21 ± 0.09 +0.13 ± 0.10 +0.13 ± 0.10 

900 +0.42 ± 0.29 -0.67 ± 0.19 +0.12 ± 0.10 +0.12 ± 0.10 

104°  +0.03 ± 0.07 +0.03 ± 0.07 

118°  +0.14 ± 0.08 +0.14 ± 0.08 

132°  +0.18 ± 0.18 +0.18 ± 0.18 

146°  -0.07 ± 0.09 -0.07 ± 0.09 

160°  +0.11 ± 0.07 +0.11 ± 0.07 

TABLE 4.1 Uncorrected measured polarization of 16 MeV neutrons 

elastically scattered by Cu. 



Angles 	Present 	Measurement 	Measurement 	Final 
Measurement 	of 	 of 	 Values 

Galloway & 
F.McN. Watson 46)  

Waheed3  7' 

200  

340 

48°  

62°  

76°  

90°  

104°  

118°  

132°  

146°  

160°  

+0.44 ± 0.22 

+0.03 ± 0.04 

+0.21 ± 0.09 

+0.24 ± 0.18 

+0.06 ± 0.32 

-1.29 ± 0.46 

+0.71 ± 0.03 

+0.13 ± 0.04 

+0.04 ± 0.03 

+0.41 ± 0.07 

-0.24 ± 0.11 

-0.14 ± 0.13 

+0.66 ± 0.01 

+0.14 ± 0.02 

+0.40 ± 0.04 

+0.27 ± 0.08 

+0.13 ± 0.02 

+0.09 ± 0.13 

+0.13 ± 0.06 

+0.02 ± 0.11 

+0.63 ± 0.40 

-0.11 ± 0.10 

+0.03 ± 0.08 

+0.55 ± 0.11 

+0.12 ± 0.04 

+0.37 ± 0.04 

+0.27 ± 0.08 

+0.13 ± 0.12 

+0.09 ± 0.13 

+0.13 ± 0.06 

+0.02 ± 0.11 

+0.63 ± 0.40 

-0.11 ± 0.10 

+0.03 ± 0.08 

TABLE 4.2 Uncorrected measured polarization of 16 MeV neutrons 

elastically scattered by Pb. 
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4.5.2 	Corrections for Sample Size and Inelastic Scattering 

The experimentally measured distributions of cross-section and 

polarization have been corrected for finite geometry and multiple 

scattering effects by the Monte Carlo programme, described in 3.6.1. 

and following the same procedure. The different cross-section values 

needed as input for the programme
74) 

 were taken from Howerton 	(Fe, Cu), 

Fu and Perey4 	(Pb), HaoUat et al. 
88) 
 (C) and Foster and Glasgow 89)  

(Hg, W, I) 

The limited flight path of 30 cm for the scattered neutrons made it 

difficult to distinguish any inelastic scattering from elastic scattering 

by time of flight. At 16 MeV neutron energy a number of levels for most 

of the nuclei may be excited and therefore may contribute significantly 

to the supposed elastic scattering distribution, particularly at the 

minima depending upon the inelastic cross-section. However the linear 

discrimination bias set at 10 MeV for each detector served to eliminate 

inelastic events due to states of excitation energy greater than about 

5 MeV. Further the high energy bias reduced the detection efficiency 

for neutrons scattered by lower energy states relative to that for 

elastically scattered neutrons. Available data on the angular distri-

bution of inelastic scattering modified by appropriate detection 

efficiency factors and used for correction of the observed scattering 

distribution for different nuclei are listed as Eca. 	in Tables 
in 

4.3 - 4.9. 

For Cu and Pb the factors Z c o in . 	were already calculated by Gallo- 

way and Waheed 	from data of Coon et al. 	and Fu and Perey 41)  

respectively for the same energy bias employed in the present measure- 

ment. The data of Coon et al. 	for the differential inelastic cross- 

sections for scattering of 14.5 MeV neutrons from Fe, measured by 

detecting neutrons with energy greater than 9 MeV, have been used 



for inelastic correction of the present elastic data on Fe. 

For Hg, the only available data 91) on neutrons inelastically 

scattered through 92°  with energies 10.76 MeV and 11.9 MeV have been 

used. For W, the data available 
92)

on the cross-section of inelastic 

neutrons with energy in the range 6-14 MeV for scattering through 900 

have been used for the correction. The angular distribution measure-

ment on neutrons inelastically scattered from carbon by Haouat et ai.88 

have been used for the correction of the present elastic scattering 

results on carbon. 	For Iodine, no relevant data on inelastic cross- 

sections ckcQ. available and therefore no correction could be applied. 

The polarization and cross-section values for all the nuclei 

corrected for sample size and inelastic contribution, are listed as 

Monte' 0  Monte  O) 
and  Pel(®)  and a el 

 (0) in Tables 4.3 - 4.9. 

It is clear from the tables that for all the nuclei the angular dis-

tribution of polarization is not critically dependent on either the 

sample size or inelastic scattering correction. For the forward angles, 

particularly 20°  and 340, the correction is negligible and for the rest 

of the angles the correction is either smaller or, in a few cases, com-

parable to the statistical error associated with the experimental 

results. In the case of the differential cross-section results, the 

major correction arises from the attenuation of the incident flux in 

the sample. The correction for inelastic scattering for all the 

nuclei is negligible except at the minima of the elastic scattering 

distribution. The uncorrected and corrected distribution of polari-

zation and cross-section for Cu are presented in Fig. 4.6 as an example 

of the above-mentioned corrections. 



TABLES 4.3 - 4.9 

Uncorrected and corrected distribution of polarization and 

cross-section of 16 MeV neutrons scattered from Fe, Cu, I, 

W, Hg, Pb and C. 



Angles P 
expt (0) a 

expt (0) 
P 
Monte 

(0) Monte (0) 

(mb/sr) 

Ea. in 
(mb/sr) 

P 
el 

(0) a 	(0) el 

(mb/sr) 

200 +0.40 ± 0.08 260 ± 60 +0.37 ± 0.08 580 ± 113 - +0.38 ± 0.09 580 ± 113 

34°  +0.43 ± 0.05 77 ± 16 +0.41 ± 0.05 139 ± 29 5.7 +0.43 ± 0.05 134 ± 29 

48°  -0.10 ± 0.05 38 ± 4 -0.22 ± 0.06 68 ± 8 5.1 -0.24 ± 0.06 67 ± 8 

62°  +0.12 ± 0.10 23 ± 6 +0.16 ± 0.12 36 ± 11 4.6 +0.18 ± 0.14 31 ± 11 

760 +0.04 ± 0.10 18 ± 2 -0.03 ± 0.13 29 ± 4 3.5 -0.03 ± 0.15 25 ± 4 

900 +0.08 ± 0.06 24 ± 7 +0.09 ± 0.07 41 ± 13 2.8 +0.10 ± 0.07 38 ± 13 

1040 
 +0.15 ± 0.09 25 ± 7 +0.02 ± 0.09 45 ± 13 2.3 +0.02 ± 0.09 43 ± 13 

118°  -0.01 ± 0.10 15 ± 4 -0.04 ± 0.14 23 ± 8 3.5 -0.05 ± 0.16 20 ± 8 

132°  +0.16 ± 0.26 5 ± 2 +0.16 ± 0.45 5 ± 3 3.4 +0.43 ± 1.21 2 ± 2 

146°  +0.38 ± 0.12 12 ± 4 +0.37 ± 0.16 18 ± 7 3.6 +0.46 ± 0.20 14 ± 7 

160°  +0.19 ± 0.09 37 ± 11 +0.16 ± 0.10 66 ± 22 4.6 +0.17 ± 0.11 61 ± 22 

TABLE 4.3 - IRON 



Angles Gexpt ( 0 ) 1Monte(0) °Monte Pei(0 ) G el (0) 
(mb/sr) 

(mb/sr) (mb/sr) 

20°  +0.43 ± 0.06 398 ± 89 +0.40 ± 0.06  945 ± 170 - +0.40 ± 0.06 945 ± 170 

34°  +0.44 ± 0.04 102 ± 31 +0.43 ± 0.05 175 ± 59 4.4 +0.44 ± 0.05 171 ± 59 

48°  -0.02 ± 0.05 38 ± 	4 -0.11 ± 0.08 60 ± 8 5.6 -0.12 ± 0.09 54 ± 8 

62°  +0.02 ± 0.10 26 ± 	6 -0.03 ± 0.13 38 ± 11 3.3 -0.03 ± 0.14 35 ± 11 

76°  +0.13 ± 0.10 24 ± 	3 +0.13 ± 0.11 38 ± 6 3.7 +0.14 ± 0.13 34 ± 6 
0 90 +0.08 ± 0.05 28 ± 	8 +0.02 ± 0.07 44 ± 15 3.0 +0.02 ± 0.07 41 ± 15 

104°  +0.03 ± 0.07 39 ± 11 -0.01 ± 0.07 81 ± 21 2.5 -0.01 ± 0.07 78 ± 21 

118°  +0.14 ± 0.08 22 ± 	6 +0.14 ± 0.12 33 ± 12 2.8 +0.15 ± 0,13 30 ± 12 

132°  +0.18 ± 0.18 9 ± 	3 +0.19 ± 0.31 10 ± 5 2.6 +0.25 ± 0.42 7 ± 5 

146°  -0.07 ± 0.09 20 ± 	5 -0.15 ± 0.14 28 ± 10 2.4 -0.17 ± 0.15 25 ± 10 

160°  +0.11 ± 0.07 61 ± 18 +0.10 ± 0.08 112 ± 33 - +0.10 ± 0.08 112 ± 33 

TABLE 4.4 - COPPER 



Angle P (0) a 	(0) P (0) a (0) expt expt Monte Monte 

(mb/sr) (inb/sr) 

200 +0.41 ± 0.07 1355 ± 160 +0.41 ± 0.07 1775 ± 196 

340 
+0.28 ± 0.09 156 ± 	45 +0.23 ± 0.13 143 ± 55 

48
0 

 +0.32 ± 0.08 89 ± 	12 +0.36 ± 0.09 103 ± 15 

62°  +0.01 ± 0.16 62 ± 	20 -0.05 ± 0.16 67 ± 24 

76°  -0.04 ± 0.03 35 ± 	15 -0.05 ± 0.35 38 ± 18 

90°  +0.06 ± 0.24 52 ± 	30 +0.06 ± 0.24 54 ± 37 

TABLE 4.5 	- IODINE 



Angles 	P 	 a (8) 	P 	
cJMonte(0) 	EEO. 	 P () 	 0 () expt 	 expt 	 Monte 	 in 	el 	 el 

(mb/sr) 	 (mb/sr) 	(nib/sr) 

200 +0.52 ± 0.08 687 ± 105 +0.57 ± 0.08 1149 ± 144 +0.57 ± 0.08 1146 ± 144 
340 

+0.05 ± 0.03 193 ± 30 -0.05 ± 0.04 230 ± 41 -0.05 ± 0.04 227 ± 41 

48°  +0.31 ± 0.04 91 ± 14 +0.35 ± 0.05 132 ± 19 +0.36 ± 0.05 129 ± 19 

62°  +0.24 ± 0.09 42 ± 6 +0.15 ± 0.13 48 ± 8 +0.16 ± 0.14 45 ± 8 

76°  +0.08 ± 0.11 36 ± 6 +0.27 ± 0.10 52 ± 8 +0.29 ± 0.11 49 ± 8 

900 +0.02 ± 0.06 23 ± 3 -0.03 ± 0.08 27 ± 4 -0.03 ± 0.09 24 ± 4 

104°  -0.08 ± 0.10 16 ± 3 -0.04 ± 0.11 20 ± 4 3 	-0.05 ± 0.13 17 ± 4 

118°  -0.39 ± 0.12 8 ± 2 -0.50 ± 0.18 8 ± 3 -0.80 ± 0.29 5 ± 3 

132°  +0.31 ± 0.15 8 ± 2 +0.47 ± 0.18 9 ± 3 +0.71 ± 0.27 6 ± 3 

146°  +0.19 ± 0.16 6 ± 2 +0.29 ± 0.18 6 ± 3 +0.58 ± 0.36 3 ± 3 

160°  -0.32 ± 0.14 10 ± 2 -0.33 ± 0.18 12 ± 3 -0.44 ± 0.24 9 ± 3 

TABLE 4.6 - TUNGSTEN 



Angles 	P 	(8) (8) 	P(8) 	(4ionte 	 i (0 ) 	EE:Gin 	P(e) expt 	 expt 	 Monte 

	

(mb/sr) 	 (mb/sr) 	(rnb/sr) 

a 1  

(rnh/sr) 

200 +0.48 ± 0.15 522 ± 125 +0.50 ± 0.15 1087 ± 227 

340 
+0.12 ± 0.02 235 ± 50 +0.07 ± 0.02 465 ± 91 

48°  +0.40 ± 0.03 85 ± 10 +0.47 ± 0.04 136 ± 18 

62°  +0.40 ± 0.09 48 ± 6 +0.34 ± 0.11 75 ± 11 

76°  +0.10 ± 0.10 32 ± 5 +0.11 ± 0.14 47 ± 9 

900 +0.04 ± 0.09 32 ± 17 -0.05 ± 0.11 61 ± 31 	6 

104°  -0.19 ± 0.15 18 ± 9 -0.22 ± 0.22 23 ± 17 

1180 -0.85 ± 0.20 21 ± 10 -1.17 ± 0.21 34 ± 19 

132°  +0.54 ± 0.29 12 ± 6 +0.96 ± 0.45 15 ± 11 

1460 -0.25 ± 0.23 10 ± 5 -0.44 ± 0.35 13 ± 9 

160°  -0.14 ± 0.18 13 ± 6 -0.27 ± 0.24 19 ± 11 

+0.50 ± 0.15 1081 ± 227 

+0.07 ± 0.02 459 ± 91 

+0.49 ± 0.04 130 ± 18 

+0.37 ± 0.12 69 ± 11 

+0.13 ± 0.16 41 ± 9 

-0.06 ± 0.12 55 ± 31 

-0.30 ± 0.30 17 ± 17 

-1.42 ± 0.26 28 ± 19 

+1.60 ± 0.75 9 ± 11 

-0.82 ± 0.65 7 ± 9 

-0.39 ± 0.35 13 ± 11 

TABLE 4.7 - MERCURY 



Angles P 
expt (0) a 	(0) expt 

(nib/sr) 

P 	(0) Monte a Monte 

(mb/sr) 

(0) a. in 

(mb/sr) 

p 	(0) el 
a 	(0) el 

(mb/sr) 

200 +0.55 ± 0.11 522 ± 77 +0.55 ± 0.11 1031 ± 127 9 +0.55 ± 0.11 1022 ± 127 
340 

+0.10 ± 0.05 307 ± 51 -0.02 ± 0.05 531 ± 84 7 -0.02 ± 0.05 524 ± 84 

48°  +0.34 ± 0.04 93 ± 9 +0.38 ± 0.05 134 ± 15 6 	- +0.40 ± 0.05 128 ± 15 

62°  +0.27 ± 0.08 47 ± 8 +0.20 ± 0.10 64 ± 13 5 +0.22 ± 0.11 59 ± 13 

+0.13 ± 0.12 28 ± 3 +0.19 ± 0.15 36 ± 5 4 +0.21 ± 0.17 32 ± 5 76: 

90 +0.13 ± 0.07 19 ± 2 +0.20 ± 0.23 23 ± 3 3 +0.23 ± 0.26 20 ± 3 

104°  +0.13 ± 0.06 41 ± 4 +0.16 ± 0.06 66 ± 7 2 +0.17 ± 0.06 64 ± 7 

118°  +0.02 ± 0.11 18 ± 2 -0.07 ± 0.17 21 ± 3 2 -0.08 ± 0.19 19 ± 3 

132°  +0.63 ± 0.40 7 ± 1 +1.07 ± 0.83 6 ± 2 2 +1.61 ± 1.25 4 ± 2 

146°  -0.11 ± 0.10 15 ± 2 -0.21 ± 0.16 17 ± 3 2 -0.24 ± 0.18 15 ± 3 

160°  +0.03 ± 0.08 48 ± 5 0.00 ± 0.09 71 ± 8 2 0.00 ± 0.09 69 ± 8 

TABLE 4.8 - LEAD 



Angles P (0) a (0) P 
Monte 

(0) a 	(0) 
Monte EEa. 

* 
P 	(0) a 	(0) expt expt in el el 

(mb/sr) (mb/sr) (mb/sr) (mb/sr) 

20°  +0.14 ± 0.02 258 ± 60 +0.15 ± 0.02 365 ± 73 8 +0.15 ± 0.02 357 ± 73 

34°  +0.11 ± 0.02 147 ± 25 +0.11 ± 0.02 201 ± 31 8 +0.12 ± 0.02 193 ± 31 

48°  -0.03 ± 0.04 41 ± 	4 -0.08 ± 0.06 45 ± 	5 7 -0.05 ± 0.07 38 ± 	5 

62°  +0.12 ± 0.06 21 ± 	2 +0.13 ± 0.07 23 ± 	3 5 +0.23 ± 0.09 18 ± 	3 

76°  +0.24 ± 0.08 15 ± 	4 +0.27 ± 0.10 16 ± 	5 2 +0.33 ± 0.12 14 ± 	5 

90°  +0.10 ± 0.07 15 ± 	3 +0.12 ± 0.10 17 ± 	4 2 +014 ± 0.12 15 ± 	4 

TABLE 4.9 - CARBON 

* 
The correction for the contribution of the inelastically scattered neutrons in this case has been done by using, 

	

60 . 	Eca. 
p 	=el 	P(l + a i) - p in( 	

in 	
(2nd term added to eqn. 3.14) a 

	

el 	 el 

where P in . is the asymmetry of the inelastically scattered neutrons. The relevant P 
in  for the calculation 

was taken from ref. 93. 
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4.5.3 	Comparison with Other Results for Cross-Section and Polarization 

There are no polarization data available at energies around 16 MeV 

for any of the heavy nuclei studied in the present work except for the 

measurements on Cu and Pb by Galloway and Waheed37 	for the same energy 

and the forward angles. The uncorrected values from their measurement 

have already been compared with the present values in Tables 4.1 and 4.2 

and Section 4.5.1. The present polarization measurement, not only estab-

lishes the large magnitude of polarization around 200  for Cu and Pb, 

found by Galloway and Waheed37 , but also shows a similar behaviour for 

all the other nuclei studied, except for C. This difference is not sur-

prising, since Carbon is a much lighter nucleus, compared to all the other 

nuclei considered. For C, polarization measurement for 15.85 MeV 

neutrons have been reported by Lesiecki et a1.93 . 	The present polariza- 

tion measurement compared with their values in Fig. 4.7 shows a signi-

ficant difference between the two sets. However the presence of a 

resonance in the n - 12C scattering at 15.8 MeV reported by Boreli et 

a1.94  may be the source of such a difference. 

No cross-section data is available either at 16 MeV. However around 

14 MeV differential cross-section data &ct available for all the nuclei 

studied in the present work except for tungsten and iodine. The published 

results available for Fe, Cu, Hg, Pb and carbon for energies between 14 

and 15 MeV are presented along with the present measurement in Figs. 4.8 

to 4.12 for comparison. Although close agreement can not be expected 

in view of the difference in the energy of the neutrons, the variation 

is not so marked and a general similarity of the distribution pattern 

is observed for most of the cases. 
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CHAPTER 5 

14.2 MeV NEUTRON DOUBLE SCATTERING 

5.1 	Introduction 

The large magnitude of polarization values measured for 16.1 MeV 

neutrons around 200  for most of the nuclei presented in Chapter 4 is 

corroborative of the conclusion reported from earlier measurements37 . 

It was observed that the polarization values around 200  due to elastic 

scattering from Cu and Pb differs significantly from the values cal-

culated with the optical model using global fit parameters. However 

the success of the model at nearby energies, in contrast, in fitting 

the elastic differential cross-section at 14 MeV 12)  and polarization 

and cross-section at 10.4 MeV 36)  is rather perplexing. As an attempt 

to remove such confusion a double scattering experiment was set up to 

provide 

1). a direct method of measurement of the absolute polarization re-

sulting from two successive elastic scatterings of initially 

unpolarized neutrons from the same nucleus and 

2) 	a technique completely different from the one employed for 16.1 

MeV scattering to get comparable results at a nearby energy. 

The 	
3 
 H(d,n) 

4
He reaction with a Q-value of 17 MeV was chosen as 

the source of neutrons of about 14 MeV energy. The reason for choosing 

this particular reaction is manifold. 

The reaction is fairly easy to realise experimentally. 

The neutrons are monoenergetic and accompanied by alpha particles 

which can be utilised to reduce background problems by employing 

the associated particle time of flight technique. 

Since the reaction produces neutrons with almost zero polarization 

for incident deuteron energies below 500 keV97 , it is ideal for a 

double scattering experiment. 
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Asymmetry measurements were done for Cu and Pb and for scattering 

angles of 20 
0 

and 34
0 
 

5.2 	Fast neutron Double Scattering 

Fig. (5.1) shows schematically the principle of a double scattering 

experiment. A beam of unpolarized charged particles incident on an un-

polarized target, produces neutrons of zero polarization and of energy 

E1 in the direction 0e 
	These neutrons, after being scattered elastical- 

ly by a first sample S1 through an angle O, are polarized. The 

polarization of these neutrons of energy E2 is denoted P1(E1,e1). The 

neutrons are then scattered by a second sample S2, through an angle e2 

and azimuthal angle q. The number of doubly scattered neutrons in the 

direction O2 is, 

= 	cr(E 2 ,6 2)[l + P1 (Elie 1)A2(E2,O2)cos] 	 (5.1) 

where a(E2,02) is the differential elastic scattering cross-section 

for unpolarized neutrons and A2(E22) is the analysing power of the 

second scatterer. In the case of elastic scattering A(E,O) 	P(E,O). 

Thus the observable of a double scattering experiment, the asymmetry 

is defined as 

NR - NL 
E 	= 	P1(E1,01)P2(E2,02) 	

= 	NR ~ 	
(5.2) 

where N 
R 	L 

and N are the numbers of doubly scattered neutrons 

recorded in the side detectors R(4=0) and L(47) respectively 

within the same time interval. When the system includes interchanging 

of the detectors to compensate for any difference in their efficiencies, 

the left-right ratio is expressed as, 
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Diameter = 5.08 cm. 

L ((O=TT) 

D1= 15.5 cm; D2=  92 cm 

D3= 30  cm 

88 deg. 

e1= e2= 20 deg. 

Fig. 5.1. Principle of a dOuble scattering experiment. 

(The dimensions quoted above refer to those 

used in the present double scattering measur-
ments(sec.5..4). 



-79- 

/N 	NR 

r 

R  

= 	. c.. 	
(5.3) 

where the subscripts 1 and 2 label the particular detector and L and R 

refer to the position. The definition of the scattering asymmetry is then, 

Z. 1 E 	= 	P1(E1,01) x P22,82) 	
= 	r + 1 

Provided the neutron energy loss from the first scattering is not signi-

ficantly large so that E1 -' E2, then the asymmetry from a true double 

scattering (two identical targets and the same scattering angle) is equal 

to the square of the polarization, i.e. 

Despite the importance of double scattering experiments by providing 

the most direct method for determination of polarization, such experi-

ments have generally been avoided for reasons of low intensity and high 

background. All such experiments reported hitherto have been for lighter 

nuclei like 4He and 12C. Ot-Stavnov et al. 
98) 

 was first to measure 

the right-left asymmetry of doubly scattered, initially unpolarized 4.9 

MeV neutrons from 4  H at scattering angles 0 = 90°  and 02 = 135°  

(c.m.). 	The first target S 
l 
 was a gaseous helium scintillator, while 

the second target S2  consisted of an arrangement of five proportional 

counters filled with 4He. Instead of counting the scattered neutrons, 

they registered the recoil 4  H pulses. The pulses from the counters 

S1  and S2  were fed to a coincidence circuit of resolution time 2is 

after pulse height discrimination. About the same time Perkins and 

Glashauser 99  reported another 4  H double scattering experiment with 

23.1 MeV neutrons at 01 = 120°  and 02 = 118°  (lab.) using two liquid 

helium scintillators as scatterers. Employing only one side detector 

the asymmetry was measured by using a spin precession solenoid placed 

between the two scatterers to produce ± 900 precession of the neutron 



spin. The double scattering events were detected as triple coincidences 

between signals from the two helium scintillators and the side detector. 

Holt et al. 
100)

reported measurement of absolute polarization of 

elastically scattered neutrons in the reaction 12C(n,n)12C by true 

neutron double scattering. The same arrangement has recently been used 

by Bond and Firk 
101)

for measuring the n-a analyzing power, employing 

a neutron beam whose polarization was determined absolutely by true 

double scattering from 12 C beforehand. 

Tornow102  has measured the asymmetry of 15 MeV neutrons after 

successive scattering from two high pressure helium gas scintillators 

through e l = 750 and e = 76°. 	Measurements were done by recording 

left and right scattered neutrons with the additional requirement of a 

fast coincidence between the pulses from the two gas scintillators. 

5.3.1 	Associated particle time of flight technique 

The associated particle time of flight technique employed for the 

present double scattering experiment is useful, particularly in con-

junction with low energy accelerators. The technique provides a poten-

tially higher signal to noise ratio although it is not as versatile as 

the pulsebeam method, being limited in the neutron energy range attain- 

2 	3 	3 	4 
able from the two reactions H(d,n) He and H(d,n) He only. The 

attraction of this technique is that it provides a means of electronic 

collimation of the neutron beam by utilising the fact that the energy 

and angle of emission of the neutrons and the 3  H (or 4He) resulting 

from the reaction are not independent of each other. The detection of an 

alpha or 3  H particle of known energy in a given solid angle uniquely 

defines the energy and the cone of the outgoing neutrons. While a pulse 

from the associated particle detector identifies the time of emission of 

the neutrons, the neutrons scattered from a sample placed in the neutron 
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Fig. 5.2. Angular correlation between the neutrons and 

the 4  H particles for incident deuteron energies of 

50 KeV to 500 KeV ( 50 KeV steps ) in the 	H(d,n)'He 

reaction. 
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cone can be timed over a suitable flight path to a second detector. The 

time thus measured can be converted to proportional pulse height for 

analysis using a suitable time to pulse height converter. Efficient 

background reduction can be achieved from the requirement of a coin-

cidence between the scattered neutrons and the associated particles. 

To study the relationship between the energy and angle of emission of 

the neutrons and the alpha particles emitted in the 3H(d,n)4He reaction, 

a simple computer programme using the formulae deduced from reaction 

kinematics by Marion and Young 103) was used. Figs. (5.2 - 5.4) shows 

the results calculated for a deuteron bombarding energy from 50 keV 

to 500 key in steps of 50 keV and for neutron emission angles from 

0  0  to 90°  . 

5.3.2 	3H(d,n)4He Reaction Chamber 

Fig. (5.5) shows the schematic diagram of the reaction chamber 

in which the neutrons were produced by the 3H(d,n)4He reaction. The 

chamber was rectangular of 193 mm length and 100 mm width made of 

stainless steel. A cylindrical tube of 60 mm external diameter, fixed 

to one side of the chamber, coupled it to the deuteron beam line. The 

tritium target holder, made from thin copper, was 70 mm in diameter and 

fixed to a circular base of stainless steel, with an arrangement for 

water cooling. The target holder was fixed to the chamber making an 

angle of 
350 

 to the incident deuteron beam. The incident deuteron beam 

can be focussed on to the water cooled target through a 2 mm aperture 

in a circular disc of aluminium fitted in the beam line. A liquid nitrogen 

cooled copper tube mounted after the disc and near to the target helped 

to maintain the useful lifetime of the target by reducing oil contamina-

tion and carbon deposition on the target. An aluminium plate with a 

rectangular aperture of 25 mm height and 12.5 mm width, for the alpha 
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particle detector was fixed to the chamber in front of the target holder 

at a distance of 84 tnm from the centre of the target. The alpha-particle 

detector was fixed in this aperture, making an angle of (80 	0.5)0 to 

the incident d-beam. The alpha detector used was very thin (0.9 mm) plastic 

scintillator of the type NE102A coupled to a 56 AVP photomultiplier 

tube through a vacuum tight perspex window so that the photomultiplier 

tube and the associated electronics need not be under vacuum. Fig. (5.6) 

shows the dynode chain used with this photomultiplier. The photomultiplier 

along with the dynode chain was enclosed in a light tight container and 

fitted to the target chamber to make the system compact. Fig. (5.7) shows 

the assembly of the target chamber coupled to the beam line, the liquid 

nitrogen trap and the alpha particle detector system coupled to the 

target chamber. 

5.3.3 	Beam profile measurement 

The first step in setting up the double scattering system was to do 

a beam profile measurement to establish the 'location of the neutron 

cone accurately. Deuterons accelerated to a voltage of 360 ± 10 keV were 

used to bombard a tritium target of lCi/cm2  absorbed in a titanium layer 

of 0.23 mg/cm2  and backed by a thin copper disc. Taking into account the 

finite thickness of the target and the inclination of the target to the 

incident d-beam, the deuteron beam strikes the target with an average 

energy of 300 ± 10 keV. Throughout the measurement a deuteron beam 

current of 2ijA was used to avoid excessive pile up in the alpha particle 

detector. A piece of aluminium foil of .002 urn thickness was introduced 

in front of the alpha detector to exclude light and to stop the elas-

tically scattered deuterons, which have a range of .0014 mm in the foil. 

The energy lost by the 3.7 MeV alpha particles in the aluminium foil was 

3 	4  estimated to be only 0.34MeV. 	Reactions other than the H.(d,n)He 
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Fig. 5.7. Photograph showing the assemblyo±' the reaction - 

chamber and the 4  H particle detection system. 
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reaction that might take place in the target are notably 104)2 H(d,n) 
3
He 

2 	3 	3 	4 	 3 
H(d,p) H and He(d,p) He. The deuterium and He in the target may 

arise, respectively, from the incident deuteron beam and from the decay 

of the tritium target. However these secondary reactions have com-

paratively low cross-sections. Fig. (5.8) shows the linear spectrum of 

the alpha particles from the reaction. An integral discriminator at the 

amplifier output was used to set the bias at the valley to reject the 

low energy tail of the spectrum. 

The target yield monitor (TYM) used for normalisation and to monitor 

the flux of the neutrons from the reaction was placed very close to the 

target chamber. It consisted of a plastic scintillator of 5.08 cm dia-

meter and 2.54 cm thickness coupled to an EM19514 type photouBiltiplier 

tube. Discrimination against gamma-ray background was obtained by pulse 

height discrimination rejecting pulses below about 12 MeV recoil proton 

energy. The neutron detector used for the beam profile measurement was 

a rectangular stilbene crystal 30 mm wide, 40 mm long and only 3 mm 

thick coupled to a 56AVP photomultiplier. Fig. (5.9) shows the block 

diagram of the electronics used for the beam profile measurement. Fast 

pulses from the anode of the alpha detector with a rise time of 3 ns 

after a suitable delay were used as the stop pulses for a time to 

amplitude converter (TAC), while the fast pulses from the stilbene 

detector with 6 ns rise time provided the start pulses. The time 

information about the neutrons converted into proportional pulse height 

by the TAC was fed to the linear input of ADC B for pulse height 

analysis, using the CMIAC system as described in Chapter 2. To prevent 

noise and low energy pulses being recorded, a slow coincidence was used. 

The integral discriminator used for the stilbene detector was set to 

reject neutron events below 10 MeV. The discriminator outputs from the 

alpha detector and the stilbene detector were fed into a three input 

coincidence gate. Using this AND gate output as the gating input for 
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Fig. 5.9. Block diagram of the arrangement of the electronics used for beam 

profile measurement. 



the ABC, neutrons of energy above 10 MeV associated with recoil alpha 

particles were analyzed. A time resolution of 1.8 ns was achieved for 

the stilbene detector placed at a distance of 21.8 cm from the target. 

To measure the beam profile the stilbene detector was mounted on a rail 

system and made to swing horizontally with the 3mm thick face crossing 

the neutron beam in steps of 10  until the counts in the detector dropped 

near to zero. Fig. (5.10) shows the neutron collimation curve obtained 

by plotting the counts under the time of flight peak, normalised with 

respect to the TYN counts for the same length of time, against the 

emission angle of the neutrons. The beam profile shows a collimated 

beam of neutrons of 8.6°  width making an angle of (88 ± 0.5)°  to the 

incident deuteron beam. This is in close agreement with the estimated 

value of 8.70  from the geometry of the alpha detector. The energy of 

the neutrons at this emission angle is 14.2 MeV, while the corresponding 

angle and energy for the alpha particles are (80 ± 0.5)°  and 3.7 MeV. 

After completing the beam profile measurement, the stilbene de-

tector was removed from the vicinity of the first scatterer. However 

the rail system enabled the stilbene detector to be used from time to 

time during the measurements to ensure that the first scattering sample 

was correctly located in the neutron beam. 

5.3.4 Preliminary measurement of 14.2 MeV neutron double scattering 

on Cu 

Having established the location of the neutron cone a cylindrical 

sample of copper of 2.4 cm diameter and 4.6 cm in height was placed in 

a cup of finely machined aluminium of 2.5 cm diameter fixed to a suitable 

holder, at a distance of 15.5 cm from the centre of the tritium target. 

The size and distance of the sample was chosen such that the whole of the 

neutron cone defined by the alpha detector was intercepted by the sample. 

To test the feasibility of the double scattering experiment a preliminary 
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measurement was done by setting up the system temporarily with spare 

equipment available. A collimator originally designed and used for 

scattering experiments with 3 MeV neutrons, with a circular hole of 

5 cm diameter was placed at a distance of 18 cm from the first sample 

at an angle of 200  to the sample. A second cylindrical sample of copper 

of 5 cm diameter and 5 cm height (limited by the size of the collimator 

hole) was placed at a distance of 74 cm from the first sample. A throat 

of 2 cm diameter, at a distance of 21 cm from the first sample, made 

from tapered polythene inserts, was introduced into the collimator hole 

such that the whole of the second sample was illuminated by the neutron 

beam scattered from the first sample. Two liquid scintillation detectors 

similar to those described in Chapter 2.3.2 were used for measuring the 

left-right asymmetry at an angle of 200  to the second sample placed at 

a distance of 30 cm. The moving of the second sample in and out of the 

neutron beam and the interchanging of the neutron detectors was done 

manually. Additional iron blocks were required to reduce the intensity 

of the neutrons scattered by the first sample which penetrated the paraffin 

wax shielding and entered the detectors. 

The system of electronics employed for the side detectors was essen-

tially the same as the one used with the stilbene detector (Fig. 5.9). The 

fast pulses from the side detectors having a rise time of about 5ns were fed 

to a fast OR unit. Using an H.T. of 2.1 keV, the detectors provided large 

enough start pulses to trigger the TAC. The stop pulses were taken from the 

alpha detector as before, after suitable delay. The output from the fast OR 

unit was used as input for the TAC unit which was then fed into the ABC 

handling routing described in Chapter 2.3.1. The Slow coincidences were 

required between discriminator outputs from the alpha channel as described 

in 5.3.3 and discriminator outputs from the side detectors. 	The 

energy bias for the neutron detectors was set to reject proton recoil 

events below 10 MeV. Calibration of the side detectors was done 



by using the response data of NE213 for proton recoil measured by Smith 

105) 
et al. 	. With such a high energy bias, use of pulse shape discrimina- 

tion was not important. The routing unit described in Chapter 2.3.1 

accepting signals from the AND gate output of the two neutron detectors 

selects the particular section of the memory to accumulate data for each 

neutron detector. The time resolution achieved for the side detectors 

was 5 ns on average. 

The collimated beam monitor used in the neutron beam scattered from 

the first sample was the same as the one used for the 16.1 MeV experi-

ment and described in Chapter 4.3.2. It was placed with its axis in line 

with the second sample and at a distance of about 1 metre from this sample. 

The electronic circut associated with it was also the same as before 

except that, instead of the pulsed beam pick up unit, the stop pulses 

for the time converter were provided by the associated alpha particle 

pulses. Accumulation of double scattered events in the two side detectors 

at the end of 45 hours of running gave a total of 1930 real counts, 

after background subtraction. The resulting asymmetry for Cu was found 

to be 0.39 ± 0.13. The background in the two detectors accounted for 

about 90% of the detected events. 

5.4 	Modified Double Scattering System and Results 

From the results of the preliminary test it was evident that an 

improvement of the real to background ratio by improving the shielding 

would give asymmetry results with better accuracy. A collimator was 

designed and constructed incorporating the following features. 

Blocks of iron were used for constructing the major volume of the 

collimator. Possible gaps between the blocks were filled using iron dust 

to make the shielding compact. 

To be able to use a large sample for the second scatterer the 

collimator hole was made rectangular of height 15.24 cm and 5.08 cm width. 



(iii) An adjustable rectangular throat with tapering ends was made by 

using plates of steel such that it can be fixed into the collimator hole 

at an appropriate position depending on the size of the sample chosen. 

Use of the throat was to ensure that the second scattering sample was 

illuminated wholly by the neutron beam scattered from the first sample, 

while any direct beam from the target failed to strike the second sample. 

Fig. (5.11) shows a schematic view of the modified neutron double 

scattering system. The collimator was placed at an angle of 200  to the 

first scattering sample and at a distance of 18 cm as before. The 

polarimeter described in Chapter 2.2 and used for the 2.9 MeV and 16.1 

MeV measurements was placed behind the collimator. Two rectangular 

inserts of the same size as the holes of the collimator, with a cir-

cular hole of 5 nun diameter at the centre were made for adjusting the axial 

alignment of the system. With these inserts fitted accurately to the 

two ends of the collimator and the disc alignment inserts fitted to the 

holes of the polarimeter, the adjustment was done following the same 

procedure as described in Chapter 2.2, by viewing the centre of the 

first sample in position, instead of the n-producing target as before. 

With the modified system the asymmetry measurement was done for Cu and 

Pb and for second scattering angles of Z0°  and 340 . Thus four neutron 

detectors similar to the ones described in Chapter 2.3.2 were fixed to 

the detector holders at the two scattering angles. A sample of 15.24 

cm height and 5.08 cm diameter was placed in the sample holder fixed 

to one of the scattering tables, while the first sample was of the same 

size as before. The distance between the two samples was 92 cm (18 cm 

more than in the preliminary measurement for unavoidable practical 

reasons). The collimated beam monitor was placed at a distance of 97 cm 

from the second sample such that the whole of the scintillator volume was 

illuminated by the n-beam from the first sample. This distance was 
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enough to avoid any contribution to the background in the side detectors 

from scattering by the CBM. 

Before starting scattering measurements with neutrons, tests for 

instrumental asymmetry were done using a 60 Cosource, mounted in place 

of the second scattering sample, following the same procedure as outlined 

in Chapter 34. The worst instrumental asymmetry observed in one of the 

four detectors was 0.0029 ± 0.0002. 	Scattering measurements were done 

for periods of 1000 sec. for the second sample in and out of the col-

limated neutron beam for each azimuthal position. The counts in the 

CBM and TYM were also recorded in each case. The sequence was repeated 

for a total period of 96 hours for both the Cu and Pb samples. Fig. 

(5.12) shows the time of flight spectra for 200  double scattering from 

Cu samples and for scattering with the second sample removed. 

The result of the asymmetry measurement for Cu is presented in 

Table 5.1. With the modified collimator the background was reduced to 

65 for the detectors at 200  and a total of 4414 real events were re-

corded. The measurement for 
340 

 was done for the same length of time 

and a total of 921 real events were recorded. 	At this angle the 

background accounted for about 84% of the scattered counts. As the aim 

of the present double scattering measurement was to establish the polari-

zation value around 200,  the length of time for collecting data was 

determined primarily with.regard to the accuracy of the 200  measurement. 

The measurement at 
340 

 was also done, since this was the nearest angle 

attainable with the present polarimeter. However an unacceptably long 

measurement time ('1000 hours) would be needed to improve the result at 

0 
34 significantly. The polarization of the 14.2 MeV neutrons estimated 

from the measured asymmetry due to double scattering, using the fact that 

such asymmetry is the product of the polarization for each scattering 

(eqn. 5.4) is presented in the second column of Table 5.1. These 
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TABLES 5.1 AND 5.2: 	Measured asymmetry and polarization for 

14.2 MeV neutrons scattered by Cu and Pb. 

	

TABLE 5.1 	COPPER 

Lab Angles 	Measured 	Estimated 	Polarization of 

	

(Deg.) 	 asymmetry 	polarization 	16.1 MeV 
for 14.2 	for 14.2 MeV 	neutrons 
MeV neutrons 	neutrons 
by double 
scattering 

20 	 0.13 ± 0.04 	0.36 ± 0.06 	0.43 ± 0.06 

34 	 -0.08 ± 0.11 	-0.22 ± 0.30 	0.44 ± 0.04 

	

TABLE 5.2 	LEAD 

Lab Angles 	Measured 	Estimated 	 Polarization of 

	

(Deg.) 	 asymmetry 	polarization 	16.1 MeV 
for 14.2 MeV 	for 14.2 MeV 	neutrons 
neutrons by 	neutrons 
double 
scattering 

20 	 0.24 ± 0.09 	0.49 ± 0.09 	 0.55 ± 0.11 

34 	 0.14 ± 0.12 	0.29 ± 0.25 	0.12 ± 0.04 



polarization values were calculated assuming arbitrarily positive sign 

for 200 polarization. Table 5.2 represents the results for Pb. 

It has been observed for the 16.1 MeV measurements for both Cu 

and Pb (Tables 4.3 and 4.4) that the polarization values at 200  are 

not critically dependent on either the multiple scattering correction 

or the correction for inelastic scattering. The effect of both cor-

rections was found to be smaller than the statistical uncertainty at 

20°  for the 5.08 cm X10.2 cm. sample used. Considering the case of 

Cu at 200  (showing a larger correction than Pb) the correction for 

both effects was 7%. An estimate of the correction for the first 

sample of the double scattering arrangement is 1%, while that for the 

second sample is about 10%. Thus the overall correction for the 14.2 

MeV neutrons for Cu at 20°  could be 10%, which is less than the 

statistical uncertainty associated with the polarization value estimated 

from measured asymmetry. 

Tables 5.1 and 5.2 also include the polarization values for 16.1 

MeV neutrons at similar angles for comparison. It is clear from the 

tables that both for Cu and Pb the values of polarization from double 

scattering at 200  are in reasonably good agreement with the 16.1 MeV 

results (within the statistical uncertainty). Because of the large 

statistical uncertainty attached to the 
340 

 values from double scatter-

ing, it is difficult to make any valid comparison with the 16.1 MeV 

values at this angle. The present values at 
340 

 are, however, not 

inconsistent with the 16.1 MeV values. 
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ruADT'o 

OPTICAL MODEL 

6.1 Introduction 

The optical model, as already mentioned in Chapter 1, was intro-

duced as an attempt to reconcile the strong interaction model with the 

weak interaction or the independent particle model by providing 'for both 

kinds of processes. A great deal of success has been achieved in corre-

lating large amounts of data through a single optical potential. Fesh- 

bach, Porter and Weisskopf 	demonstrated that even with a simple 

potential (complex spherical square well), the optical model was capable 

of reproducing the gross structure of both total cross-sections 	and 

the differential elastic scattering cross-section 
3) 
 for the neutron-

nucleus interaction. Fitting of neutron differential cross-sections be-

tween 1 and 25 MeV by Bjorklund and Fernbach12  provides further 

example. Recent systematic study by HolnYlvist14  of the optical model 

in the energy range 1.5 to 8.1 MeV for elastic scattering has also showed 

good agreement between the experimental results and optical model cal-

culations. However the model has so far been not so successful in fitting 

experimental data on the angular distribution of polarization as already 

discussed in Chapter 1.3. It has been shown recently by Galloway and 

Waheed4 at global optical model parameters have not been very successful 

in fitting both differential cross-section and polarization data for 2.9 

MeV neutrons. The present experimental results for polarization and 

cross-section of 2.9 MeV and 16 MeV neutrons elastically scattered from 

different nuclei from C to U have been used for studying the optical 

model. 
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6.2 	Properties of the Optical Potential 

It is a general feature of theoretical models that they allow the 

description of certain phenomena in terms of certain model parameters 

and the purpose of the fundamental nuclear theory is to relate these 

model parameters to the properties of the many body system. In the 

majority of optical model analyses, the optical potential is taken as 

a local potential with a specified functional form and the parameters 

of this potential are then varied to yield a good fit to the data. 

The optical potential for a nucleon usually consists of the sum of a 

spin-independent term, a spin dependent term, a Coulomb term and some-

times a symmetry term. Since we are concerned with neutrons we will 

neglect the Coulomb term in the parameterisation. 

Spin-/dependent term:- 	We have already expressed the spin independent 

term in Chapter 1.2, as the central complex potential of the form, 

V(r) 	= 	- 1.1(r) - iW(r) 	. 	 (1.6) 

The real part of this potential describes the average potential energy 

inside the nucleus and the imaginary part represents the summed effect 

of all processes which tend to reduce the flux in the elastic channel. 

The above form can be written more explicitly as 

V(r) 	= 	-V f(r) - iWg(r) 

where V0  and W are adjustable constants and f(r) and g(r) are 

form factors characterized by a radius and a diffuseness parameter. 

The real or the refracting potential that falls to zero outside the 

nuclear radius is generally chosen to be approximately proportional to 

the density of nucleons in the nucleus and almost always taken to have 

a volume form V  fR(r), where  V   is the potential depth and fR(r) 



is the form factor describing the radial variation of the potential. 

is chosen to approximate the measured nuclear charge density 

which is assumed to be proportional to the nucleon density. The most 

con form used is the Woods-Saxon potential 

rRR -1  
fR(r) = 11 + 	

aR 	 (6.1) 

where RR,  the nuclear radius is generally chosen to be, RR = RA 11  

and a  	
is an adjustable parameter called the diffuseness. The real 

central term thus involves three parameters, namely VR,  RR and  aR. 

Since the imaginary or the absorptive potential takes account of 

the reactions which remove particles from the elastically scattered 

beam, it can not be expected to have the same radial behaviour as the 

real part. It may he expected to be a combination of volume and sur-

face absorption terms. However the Pauli exclusion principle reduces 

the absorption of nucleons where the density is high, so that absorption 

is surface peaked. Thus only a small fraction of the nucleon wave pene-

trates the interior of the nucleus and because this region is smaller than 

the surface region, the surface absorption ispredominant up to several 

MO-V. One widely used analytical form for the surface absorption poten-

tial is the Gaussian, 

(r - 
iW0exp[- 	

a 
(6.2) 

where 
Rw 	 0 

is the nuclear radius R A113  and & is the surface diffuse- 

ness 

iffuse-

ness parameter. Using the derivative of the real potential is another 

common choice. Thus a Woods-Saxon derivative form is written as, 

g(r) = 4a 
W 

= 4aW  -[1 + exp( 	)] 	 (6.3) 
dr 
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where the factor 4a W is usually included to make g(r) = 1 at the maxi-

mum. This form therefore contains three parameters like the real poten-

tial. The volume form is correspondingly chosen as W v 9(r) with three 

parameters. If both surface and Volume terms are used six parameters are 

involved in the absorption term. 

In addition to the real and imaginary potentials, the spin-inde-

pendent-term often includes a term called the symmetry term to take account 

of the isobaric spin dependence of the incident neutron and the target 

nucleus. The isobaric-spin-dependent term (V1) is usually assumed real 

with a radial Variation represented by a Woods-Saxon form factor. The 

depth of the real potential is then expressed as, 

V
0 	0 

V + 	- Z)/A, 

where (N - Z) is the neutron excess and A is the mass number. 

Spin-dependent term: 	For the optical model to be capable of pre- 

dicting, as is observed, that scattered neutrons are partially polarized, 

it is necessary to include a spin dependent term in the potential of the 

form, 

~ + 

	

V50(r) 	
= (V 0 + iW50) 

b. ! h(r) Z.a 	 (6.4) 
r 
-jr- 

~ 	 ± 

where Q and a are dimensionless operators related to the orbital 

angular momentum and spin angular momentum of the incident neutrons, 

L =-'hk and S 	ha/2 and the form factor h (r) is usually taken to 

be of Woods-Saxon form, i.e. 

-1 
r-R50 

= tl+exp 	} a50 

The constant b is introduced to give the correct dimensions and various 

choices are adopted. The common choice is the red 	 Compton 
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wavelength b = (t/m 
Tr 
 c)2  of the neutrons. 

The spin-orbit potential, like the absorptive potential is concen-

trated on the nuclear surface. Unlike the absorptive potential, it is 

usually taken as real, because making it complex has not been found to 

appreciably increase agreement between theory and experiment. Thus the 

spin-orbit term in (6.4) above is reduced 

r-R —a 2 ld 	 so V50  (r) = Vso(_) 	[1 + exp 	 (6.5) Z 
 

involving three parameters, V 0, R 0  and a50. It is to be pointed out 

here that the above form of the spin-orbit potential is appropriate for 

the scattering of spin 1/2  particles from the spin zero nuclei. For 

targets with non-zero spin I , a large number of interactions involving 
+ 4- 

Da Ia is possible. However the usual practice in most of the optical 

model analyses is to neglect the spin of the target nucleus with the 

assumption that the spin-spin interaction is negligible compared to the 

spin-orbit interaction. 

6.3 	Global Potentials 

With the encouraging success of Feshbach, Porter and Weisskopf9  

there havbeen constant attempts to improve optical model calculationçand 

arrive at a potential that could account for neutron and proton data for 

a range of energies and mass numbers. A great variety of potentials have 

been attempted by different authors on this line, and a summary is given 

by HodgsotP6 In the following we discuss only the form of the potentials 

that have been used in the analysis of the present experimental results 

for comparison and also as starting values for searchs for optimum 

parameters. 



38) 
Rosen et al. 	made an extensive analysis of elastic scattering data 

at 10.5 and 14.5 MeV. Their analysis was based mainly on polarization data 

of protons scattered from a wide range of nuclei. From the analysis they 

derived a potential that predicted reasonably successfully the proton 

polarization, elastic scattering and reaction cross-section data. Keep- 

ing all the geometrical factors as well as the spin orbit strength the 

same as for protons they determined the values for the real and the 

imaginary well depths for neutrons by searching for the best fit to 

14 MeV neutron elastic scattering data. They found that the same set 

of parameters shows good agreement for 24 MeV data as well as 6 and 7 

MeV data. For data below 6 MeV down to 1 MeV also, they found good 

agreement after taking account of compound elastic scattering according 

to the statistical theory of Hauser and Feshbach. The potential they 

used involved Woods-Saxon and derivative Woods-Saxon form factors for 

the real and imaginary potentials as in eqns. 6.1 and 6.3 respectively. 

The spin-orbit potential used was of the Thomas type, while no symmetry 

term was used. The parameters suggested by them for neutrons are quoted 

in Table 6.1. 

Becchetti and Greenlees 39) made a comprehensive analysis of a wide range 

of proton and neutron data for energies less than 50 MeV and nuclei with 

A > 40. They arrived at optimum proton parameters, that provided very 

good fits to differential cross-section, polarization, reaction cross-

section and total cross-section data. Using the proton parameters as 

starting values a search was made for optimum neutron parameters. The 

central potential chosen consisted of a Woods-Saxon form for the real 

potential, a combination of Woods-Saxon volume and surface derivative 

forms fort Lhe imaginary potential and a symmetry term, while the spin 

dependent term was the same as in eqn. 6.5. The optimum neutron 
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potential that they arrived at is listed in Table 6.1. 

	

Holnvist14 	fitted the experimental distribution of differential 

elastic scattering of 1.5 to 8.1 MeV neutrons for 12 elements from Al 

to Bi. The optical potential used was a local central potential, con-

sisting of Woods-Saxon, derivative Woods-Saxon and Thomas form factors 

as in eqn. 6.1, 6.2 and 6.5. Optimum parameters calculated indepen-

dently for each element and energy gave very good agreement between 

experimental and theoretical angular distributions. The optimum para-

meter values that they have quoted for the case of Fe and used in the 

present analysis are listed in Table 6.1. 

	

Zijip and Jonker34 	attempted individual analysis of their 3.2 MeV 

polarization data for 19 elements, supplemented by the cross-section 

data of Becker et al. 
78) 
 at the same energy. The potential form they 

used involved Woods-Saxon and derivative Woods-Saxon form factors for 

the real and imaginary potentials respectively as in 6.1 and 6.3. The 

spin-orbit term involved both real and imaginary potential terms. For 

investigation of the symmetry dependence or for comparison of the poten-

tials at various energies they took the real and imaginary potential 

depths to be, 

	

V = Vo 
	

V E -V1(N-Z)/A 
n 

	

W 	= 	W 
o 	W n 
- c E - W1(N - Z)/A, 

in which V1  and W1  are the real and imaginary symmetry terms and 

and 	are the coefficients of the energy dependence. 

By choosing a fixed geometry and spin-orbit potential they searched 

for the real and imaginary potential for all the nuclei by fitting the 

polarization and cross-section data individually and together also. The 

optimum parameters they quoted for the nuclei studied in the present 

work are listed in Table 6.1. 



Fu and perey41 	made an extensive survey and subsequently derived cross- 

section data for lead, ccveing the energy range from .00001 eV to 20.0 

MeV, from experimental results and calculations based on optical model, 

DWBA and Hauser-Feshbach theories. The set of optical model parameters 

they arrived at from different cross-section data for Pb covering neutron 

energies from 1 to 15 MeV are quoted in Table 6.1. 

80) 
Tanaka et al. 	determined potential parameters for Bismuth for neutron 

energies of 1.45 - 3.58 MeV from comparison of their measured cross-sections 

with calculation. The potential form used in the calculation was of the 

standard type with a Woods-Saxon derivative imaginary part and with a 

spin-orbit coupling term. 

Compound elastic cross-sections were estimated by the Hauser-Feshbach 

calculation. The best fit parameter set for Bi which they obtained by 

searching for the real and imaginary potential depth for 3.06 MeV neutrons 

is presented in Table 6.1. 

Haoaat et al. 
88) 	

performed optical model analysis of the a - 12  C 

elastic scattering of measurements for neutron energies in the range 

11.5 to 14.5 MeV. The parameters they found are listed in Table 6.1. 



TABLE 6.1 	Summary of global potential parameters and parameters suggested previously for particular nuclei 
used in the present analysis. 

V(r) 	 W(r) 	 V5(r) 

 Rosen et ai.38 
V 	= (49.30.33En)MeV W5  = 5.75 MeV VS = 5.5 MeV 

(1-24 MeV) 
r 	= 1.25fm; a 	= 0.65fm rW  = 1.25 fm; aW  = 0.75fm r5  = 1.2fm; 	as = 0.65fm 

 Becchetti & V [56.3-0.32E -24----MeV] n 	A W 	= [13-0.25E -12 !MeV] S 	 A n V = 6.2 MeV S 
3Q) Greenlees or zero whichever is greater r = 1.25fm; a = 0.75fm S S 

( <50 MeV) r 	= 1.17fm; 	a 	= 0.75fm rW 	1.26fm; a. = 0.58fm 

W 	= (0.22E-1.56)MeV 

or zero whichever is greater. 

 oinxvistl4 
V 	= 51.1 MeV (Fe, 	2.96 MeV) WS  = 10.8 MeV (Fe, 2.96 MeV) V5  = 8.0 MeV 

(1.5-8.1 MeV) 
r 	= 1.21fm; a 	= 0.61fm rW  = 1.15fm; aW  = 0.48fm r5  = 1.21fm; 	a = 0.61fm 

 Zijip & Jonker4 
V 	

= 48.3 MeV (Fe), 50.4 MeV W5  = 9.6 MeV (Fe), 9.3 MeV V5 = 8.0 MeV 
(3.2 MeV) (W), 45.0 MeV (Ti), 46.6.-MeV (W), 	13.0 MeV (Ti), 	6.9 r5  = 1.12fm 

(Pb), 46.2 MeV (Bi) MeV (Pb), 8.2 MeV (Bi) as = 0.65fm 

r 	= 1.25fm; aR = 0.65fm 04fM - 

 Fu & perey4l) v 	= (47.0-0.25E )MeV W(3.5+0.43E )MeV V = 7.0 MeV 
(1-15 MeV) 

r 	= 1.25fm; 	a 	= 0.65fm r 	= 1.25fm; a 	= 0.47fm r5  = 1.25fm; 	as = 0.65fm 

 Tanaka et a1.80 
V 	= 46.11 MeV W 	= 3.59 MeV VS = 7.0 	MeV 

(3.06 MeV) RR = 1.25fm; a 	= 0.65fm rW  = 1.25fm; aW  = 0.48fm r5  = 1.25fm; 	as = 0.65fm 

 Haouat et a1.88 V 	= (55.76-'0.34E)MeV W 	= 7.86 MeV V = 6.15 MeV 

(11.5 - 14.5 MeV) RR = 1.25fm; 	a 	
= 0,36fm r 	= 1.25fm; a 	= 0.27fm rs  = 1.25fm; 	as  0.36fm 
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6.4.1 	Optical model analysis of the experimental data 

The first step in fitting the experimental distribution of polariza-

tion and cross-section duly corrected for sample size and inelastic com-

ponents, was to compare with "global fit" parameters and parameters pre-

viously quoted for particular nuclei (Table 6.1) . The optical model 

calculations were performed using the programme RAi.oNP107 . 	However 

the optical model has its limitation in that it predicts only shape 

elastic scattering, whereas at low energies (< 5 MeV) the compound 

elastic contribution can be significant. Thus for the analysis of the 

2.9 MeV scattering data in the present work, the compound elastic 

scattering cross-section has to be added to the shape elastic cross-

section (eqn. 1.1) in order to be comparable with the measured elastic 

cross-section. The calculated polarization has also to be corrected 

for the unpolarized compound elastic neutrons as follows, 

P = P _____ 
el 	S.E - 

el 

where a = a 	+a el 	S.E 	C.E 

where 
°
S E and P 

S.E 
 are the calculated shape elastic cross-section 

and polarization respectively and aCE  is the compound elastic cross-

section. 

The calculations of the compound elastic cross-sections were per- 

108) 	 11) 
formed using the programme CINDY 	based on the Hauser-Feshbach 	for- 

malism. The programme included the possibility of doing calculations 

both with and without the Moldauer level width fluctuation (MLF) cor- 

108) 40) 
rection 	. It has been observed by Galloway and Waheed 	in the 

analysis of their data on 2.9 MeV neutrons, that while the C.E calculations 

made without the 	F correction gave a better fit to their cross-section 
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data on Fe, Cu and I, the agreement was closer with the calculation in-

cluding the MLF correction for the case of Pb, whereas it was similar for 

both with and without the correction for Hg. Thus, in the present 

analysis it was decided to carry out the calculations both with and 

without the t'U..F correction for each nucleus. Some inelastic scattering 

calculations were also made using the programme CINDY, to account for 

the contribution due to relevant inelastic components in the case of 

tungsten and uranium, which could not be discriminated experimentally 

(Chapter 3.6.2) . 	The properties of the different excited states for 

the isotopes of each of the nuclei, necessary for the calculation of 

the compound elastic and inelastic cross-sections were taken from the 

references listed in Table 3.2. 

The next step in the analysis was doing searches for the parameters 

which give the best fit to the experimental data. The programme RAR0 

includes the possibility of automatic searches on all the parameters to 

minimize the "goodness of fit" criterion, 

X2(T) 	= 	x2(o(0)) + x2(P(e)) 

2 
where 	x2 	

= 	1  Theo ry Experiment 
error in experiment 

Each of the parameter sets used for comparison was used as the starting 

values for a search and the parameters varied in different combinations 

for each of the nuclei and for each incident neutron energy. 	In doing 

the parameter search for the 2.9 MeV case, available cross-section data 

(Chapter 3.6.3) at comparable energy that are consistent were included 

with the present cross-section values. All the experimental cross- 

section and polarization values used as input for the optimum search, 

for the 2.9 MeV case, were adjusted for the calculated compound elastic 

scattering and wherever applicable for the inelastic scattering (W and U). 



-102- 

As in the case of calculations with the global parameters and previously 

suggested parameters, the optimum search was carried out for the compound 

elastic effect adjusted, both with and without the MLF correction. 

6.4.2 	Optical model fitting at 2.9 MeV 

IRON:- 	As already discussed in Chapter 1.3 the present measurement on 

iron was done primarily as a test for the experimental system and as the 

comparison of the present results on angular distribution of polarization 

and cross-section, presented in Chapter 3.6.3 is found to show good agree-

ment with the previous results, it is reasonable to expect a similar 

optical model fit to the data. It was observed by Galloway and Waheed 40) 

in the comparison of their data with optical model calculation that the 

compound elastic calculation done without the MLF correction provided 

better agreement with the experimental data than that including the 

MLF correction. Thus the present experimental cross-section and polariza-

tion values are compared in Fig. 6.1 with calculation done without the 

MLF correction and with the global potentials of Rosen et al. 
38) 
 and 

39) . .. 	 34) 
Becchetti and Greenlees 	and those suggested by Zijip and Jonker 

14) 
and by Holnvist 	. The parameter set of HoluKivist gives the best 

overall fit to the present experimental cross-section, while those of 

Rosen give the closest fit to the polarization data. A similar result 

was observed by Galloway and Waheed40 . 	In the light of the above 

findings it was felt that there was not much to be gained in repeating 

a parameter search for the case of Fe. Thus the present experimental 

results along with other results are compared with the best fit curve 

obtained by Galloway and Waheed 
40) 

 in Fig. 6.2 and the parameter set 

listed in Table 6.2. 



to symbols used. in Fig. 6.1— Fig. 6.18 

-Present experimental measurements. 
40) 

L- Galloway & Waheed. 

X -  Holmqvist 14) 

c -Becker et al. 78)

U -Popov. 79) 

-Tariakaetal. 80) 

£ -Batchelor et al. 81)  

The curves used in the figures for comparison of experimental meas-

urements with calculations based on optical model parameterisation 

of different authors are: 

Rosen et 	
38) 

—.----•-Becchetti & Greenlees. 39) 

—•—•.—Zijip & Jonker. 34) 

--Holrnqvist 
14)  in Fig.6.1 

F 	
L)

u & Perey. 	in Fig..9 

Tanaka et al. 88) in Fig. 6.12 

The solid curve in the BET-FTT figures represents the calculated 

distributions obtained with the optimum parameters presented in 

table 6.2. 

Compound elastic scattering cross-section (C.E) calculated using 

same paranieterisation as above are also displayed in all the 

figures. The key to the C.E curves is the same as that for 

corresponding differential cross-section fits above. 
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TUNGSTEN:- 	For W the optical model calculations were done based on 

38) 39) the global parameters of Rosen et al. 	, Becchetti and Greenlees 	and those 

proposed by Zijip and Jonker34  from the optimum fit of their 3.2 MeV 

polarization data. The calculated cross-sections were adjusted for the 

compound elastic contribution both with and without the MLF correction. 

In addition, since the data could not be corrected using experimental 

inelastic contributions, inelastic differential cross-sections were also 

calculated for the six states which can contribute neutrons above the 

discrimination bias applied. These calculated inelastic cross-sections 

were scaled by appropriate relative detection efficiency factors (Chapter 

3.6.2) for the neutron energies concerned and combined with the elastic 

calculations for comparison with the experimental data. Figs. 6.3 and 6.4 

illustrate the comparisonsof the measured distributionsof polarization 

and cross-section with the ca1culation 5for the C.E calculations done 

with and without the MLF correction respectively. 	Both the calculations 

show a very similar fit to the differential cross-section data, with the 

Rosen parameters best. There is very little to choose from the com-

parison of the experiment with calculation for polarization made with 

and without the MLF correction or in relation to different parameters. 

However the gross trend of the distribution seems to be reflected. 

The data used in the search for optimum parameters consisted of 

the present cross-sections, Becker et al. 78) cross-sections and the 

present polarization values starting from all the three sets of 

parameters mentioned above based on C.E correction both with and without 

the MLF correction. The best fit parameter set listed as W(l) in Table 

6.2, resulted with a notably large value for the radius Rw.  However 

results from most of the searches showed a similar tendency and the 

next best fit parameters listed as W(2) give a value of 1.51 fm, while the 

set that results with RW  = 1.27fm has a x2  value for polarization 
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which is about eight times that of the set W(l). 	This odd result for 

W may not be surprising since tungsten has a large deformation. Fig. 

6.5 shows the best fit obtained for the parameter set W(l) which was 

based on the C.E calculation done with the MLF correction, while the 

set W(2) resulted from C.E calculation done without the MLF cor-

rection. 

THALLIUM:- 	The experimental distribution of polarization and cross- 

section of TZ are compared with the optical model calculations com-

bined with the Hauser-Feshbach compound elastic calculations, with and 

without the MLF corrections, and based on the global parameters of 

Rosen et al. 38 , Becchetti and Greenlees39  and those proposed by Zijip 

and Jonke 4 n Figs. 6.6 and 6.7. It is clear from the two figures 

that as far as the cross-section is concerned, the calculation including 

the MLF correction, gives a significantly better fit to the data for 

all the parameters. It is difficult to comment from the graph as to which 

set of the parameters gives closer agreement although consideration of 

the x2  values suggests Zijip and Jonker's34  parameters to be best. 

Coming to the case of polarization, although the quantitative agreement 

between the calculated and measured values is poor, the general trend 

appears to be consistent for most of the angles. 

The results of the optimum parameter searches, which included the 

cross-section values of Becker et al. 78) in addition to the present 

cross-section and polarization data, are summarized in Table 6.2 and 

the best fit illustrated in Fig. 6.8. It was observed that searches 

done for similar combinations of parameters, consistently gave better 

fit for the set of data that included the adjustment for the C.E cross-

section with MLF correction. The best fit parameter set for T1 has 

a comparatively large value for the depth of the spin orbit potential. 
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But it was observed that most of the parameter sets that gave comparable 

fit to the one listed in Table 6.2 had even larger values for V, while 

the sets with values for VS  between 4 to 7 MeV gave much poorer fits 

to both the polarization and the cross-section data. 

LEAD:- 	Experimental data of Pb differential cross-section and polariza- 

tion are presented along with the optical model calculations combined with 

Hauser-Feshbach calculations, with and without the MLF corrections, in 

Figs. 6.9 and 6.10 respectively. The calculations were based on the global 

parameters of Rosen et al.38 , Becchetti and Green1ees39  and those proposed 

34) 	 41) 
by Zijip and Jonker 	and Fu and Perey 	. A closer fit to the differential 

cross-section data is provided by the calculations made including the MLF 

correction and the Fu and Perey parameters give the best overall agreement. 

So far as the polarization is concerned, there is not much difference in 

the calculations done with and without the MLF correction and the data is 

not particularly well fitted by any of the parameter sets. 

The search for the optimum optical model parameters, consisted of 

the present polarization and cross-section data along with the cross- 

78) 	 40) 
section data of Becker et al. 	and Galloway and Waheed 	. As in the 

case of TZ, it was observed for Pb also that the search made on the 

input data that was adjusted for the C.E effect, including the MLF cor-

rection, resulted in better fits for both polarization and cross-section. 

However the polarization data is less well fitted than the differential 

cross-section, as illustrated in the best fit curves in Fig. 6.11. The 

resulting parameters are listed in Table 6.2. 

BISMUTH:- 	Optical model calculated cross-section and polarization for 

Bi using the 'global' parameter sets of Rosen et al. 
38) 
 and Becchetti and 

Greenlees39  and those proposed by Zijip and Jonker34  and Tanaka et al. 80) 

combined with the compound elastic calculations with and without the MLF 
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correction are illustrated in Figs 6.12 and 6.13. Comparison of these 

two sets of figures leads to the same conclusion that, as far as the 

cross-section is concerned, inclusion of the MLF correction gives sig-

nificantly closer agreement between calculation and experiment, while 

the polarization is not particularly well fitted by any calculation. 

Tha optimum fitting to the Bi data that comprised of the present 

cross-section and polarization values and the cross-section data of 

78) 79) 	 80) 
Becker et al. 	, Popov 	and Tanaka et al. 	can be considered with 

reference to Fig. 6.14. The best fit parameters listed in Table 6.2 for 

Bi also resulted from the input data that included the Hauser-Feshbach 

compound nucleus contribution with the MLF correction factor. Because 

of the large scatter in the different experimental data on cross-section, 

very close agreement to any set of the data could not be expected. Un-

like the case of Pb the polarization is quite well fitted up to about 

120°. The best fit parameter set has a notably large magnitude for the 

spin orbit potential. 

URANIUM:- 	For the case of uranium, since the data could not be cor- 

rected for some inelastic contributions (two levels, Table 3.2), the com-

parison of the measured cross-sections and polarizations with calculation 

is carried out in the same way as for the case of tungsten, using cal-

culated inelastic cross-sections. The calculations based on the global 

parameters of Rosen et al. 
38) 
 and Becchetti and Greenlees39  are illus-

trated in Fig. 6.15 with the MLF correction included in the Hauser-

Feshbach calculation, while those without the MLF components are shown 

in Fig. 6.16. Both the figures show a very similar fit to the differential 

cross-section and polarization data. However the overall agreement is 

not very close between the experiment and the calculation made with the 

two sets of parameters. 
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Nuclide V   RR  AR W IW  AW  VS  R5 As JV/A JW/A JS /A x2 (cy) 2(P) (T) X2 
S 

MeV fm fm MeV fm fm MeV fm fm MeV.fm3 

Fe 57.36 1.15 0.57 7.03 1.15 0.60 3.84 1.01 0.75 426 77 6.7 - - 
 53.72 1.11 0.70 3.28 1.72 0.38 12.39 1.24 0.27 346 32 11.8 1.69 1.44 1.60 

 46.93 1.23 0.57 2.84 1.51 0.67 12.22 1.21 0.14 385 39 11.4 2.71 2.28 2.57 

TL 43.94 1.25 0.75 5.99 1.23 0.50 16.16 1.30 0.30 393 39 15.1 7.01 2.52 5.68 

Pb 41.61 1.34 0.58 8.91 1.36 0.14 7.78 1.31 0.26 435 20 7.35 5.23 15.23 8.66 

Bi 51.07 1.13 0.52 10.85 1.52 0.27 22.99 1,01 0.75 328 57 16.4 5.34 5.37 5.35 

U(1) 43.33 1.27 0.68 8.03 1.13 0.48 21.09 1.14 0.51 393 40 16.3 2.94 2.27 2.71 

U(2) 42.52 1.26 0.85 10.93 1.27 0.34 22.59 1.16 0.55 392 49 17.0 3.22 1.95 2.78 

Table 6.2. 	Optimum values of the optical potential parameters for 

2.9 MeV neutrons. 



Search for the optimum parameters comprised of the present cross- 

section and polarization data that included the calculated inelastic 

contribution and the cross-section data of Batchelor et al.8 . Un- 

like the previous cases of T9, Bi and Pb it was observed that a similar 

fit to the data resulted from similar combinations of parameters for 

the compound elastic contribution adjusted both with and without the 

F correction. The set of parameters listed in Table 6.2 as U(l) is 

from the search on data combined with compound nucleus contribution 

including the MLF correction, whereas the set U(2) resulted from the 

search on data that did not include the MLF correction. The corres- 

ponding best fit curves are illustrated in Figs. 6.17 and 6.18. Both sets 

of parameters have a large magnitude for the spin orbit potential, as in 

the case of Bismuth. Set U(l) may be preferred an the grounds that this set 

gives equally good fit to both polarization and cross-section while set U(2) 

gives a poorer fit to the polarization and also has a notably large value for AR. 

6.4.3 	Optical ndel fitting at 16 MeV 

The optical model fitting of the data at 16 MeV is much simpler 

since there is no need to allow for the compound elastic contribution. 

The calculations based on the Becchetti and Green1ees39  parameters in 

this case include a volume imaginary term (Table 6.1). The results of 

the parameter search therefore fall into two categories, those done with 

the Becchetti and Greenlees parameters as starting values and therefore 

including the volume imaginary term and those which do not include the 

volume imaginary term. 	Thus the discussion of the optimum search for 

this case will be with emphasis on the importance of including the volume 

imaginary term for each nuclei. All the calculations in this case have 

been smeared over the ±60  spread in the scattering angle of the experi-

mental system. 
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IRON:- 	The calculated distribution of polarization and cross-section 

for iron using the global potentials of Rosen et a1.38  and Becchetti and 

Green1ees39  are compared with the experimental results in Fig. 6.19. It 

is clear from the figure that for both polarization and cross-section 

distributionthe calculations based on Rosen et a1.38  parameters give 

closer agreement to the data. However the polarization at 200 has the 

least agreement between the calculation and the measured value. 

The result of the search for optimum parameters for Fe are listed 

in Table 6.3, which does not include the volume imaginary term and the 

optimum fit is illustrated in Fig. 6.20. It was observed that the 

optimum parameter set that included the volume imaginary term le 	to 

WV = 0.19 MeV with the other parameters closely similar to those listed 

in Table 6.3 and gives a fit to the data indistinguishable from that 

shown in Fig. 6.20. 

COPPER:- 	Fig. 6.21 illustrates the optical model calculation done with 

the global parameters of Rosen et al. 
38) 
 and Becchetti and Green1ees39  

for the distributionsof polarization and cross-section for Cu along with 

the present experimental results. Comparison of the calculation with 

experiment leads to the same conclusion as for the case of Fe, i.e. 

better agreement with calculations based on Rosen parameters for both 

cross-section and polarization as well as the poor agreement for 

polarization around 200. 

The best parameter set obtained for Cu listed in Table 6.3 also 

does not include a volume imaginary term. The optimum search that in-

cluded the volume imaginary term lead to W = 0.93 MeV and resulted 

in a slightly poorer fit than the fit illustrated in Fig. 6.22 without W. 

IODINE:- 	Comparison of the optical model calculations based on the 



Key to symbols used in Fig 6.19—Fig 6.33 

* - Present measurements. 

The curves used in the figures for comparison of experimental 

measurements with calculations based on optical model aramete- 

risation of different authors are: 

Rosen et al.38)  

Becchetti & Greenlees. 39) 

Fu & perey.41) 
88) 

Haouatetal. 

The solid curve in the BEET-FIT figures represents the calculated 

distributions obtained with the optimum parameters presented in 

table 6.3. 
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global parameters of Rosen et al. 38) and Becchetti and Greenlees39  in 

Fig. 6.23 shows that there is little to choose between the parameter 

sets as far as the polarization is concerned, while, for differential 

cross-section Rosen et al. parameters give better agreement. 

The optimum parameters unlike Cu and Fe include a volume imaginary 

term listed in Table 6.3, as the best fit without the volume imaginary 

term underestimates the polarization at 200 by about 50%. The best fit 

obtained is presented in Fig. 6.24. 

TUNGSTEN:- 	Fig. 6.25 showing the comparison of the optical model 

calculations done with the 'global' potentials of Rosen et a1.38  and 

Becchetti and Greenlees39  with the experimental results reveals that 

while the Rosen parameters are preferable in relation to the differential 

cross-sections, none of the parameters fit the polarization very well. 

The best fit parameters found for tungsten that include the volume 

imaginary term, are listed in Table 6.3 and the best fit illustrated in 

Fig. 6.26. The best fit without the volume imaginary term gives a poorer 

representation of the polarization around 340, 

MERCURY:- 	For the case of mercury it is apparent from the comparison 

of calculation with experiment in Fig. 6.27 that, while neither of the 

calculations done with the parameters of Rosen et a1.38  and Becchetti 

and Greenlees39  are especially good in relation to the polarization data, 

the parameters of Rosen et al. are again to be preferred for the dif-

ferential cross-section. 

From the results of the search for optimum parameters for Mercury, 

the situation is not very clear as far as the inclusion of the volume 

imaginary term is concerned. Thus the best fit parameters found both 

without and with the volume imaginary term are quoted in Table 6.3 
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as Hg(1) and Hg(2) respectively. The corresponding best fit curves are 

presented in Fig. 6.28 and 6.29. It is clear from the two sets of 

figures that for both cross-section and polarization the curves without 

the volume imaginary term gives better agreement to the data. However 

the set Hg(l) has a high magnitude for the surface imaginary term 

W = 23.17 MeV. The set Hg(2), free from such abnormality, includes the 

volume imaginary term, but has a x2  value three times that of the first. 

LEAD:- 	The experimental distributionsof polarization and cross-section 

for lead are compared with the calculations based on the global para-

meters of Rosen et al. 38 , Becchetti and Greenlees39  and those proposed 

by Fu and Perey4 	in Fig. 6.30. As far as the cross-section is concerned, 

Rosen parameters give better overall fit than the others while there is 

little to choose between the different parameters for the case of polari-

zation. 

The result of the optimum parameter search on the Pb data can be 

considered with reference to Fig. 6.31, that resulted from a set which 

included the volume imaginary term, listed in Table 6.3. The best fit 

without the volume imaginary term gave a poorer fit to the data than the 

one illustrated in Fig. 6.31. 

CARBON:- 	The measured cross-section and the polarization distribu- 

tion5on carbon are compared in Fig. 6.32 with the optical model cal-

culation employing the parameters found by Haouat et al. 81) from 

fitting their elastic scattering data for 11.5 - 14.5 MeV neutrons. The 

calculated polarization distribution resembles the measured distri-

bution without fitting closely. The measured cross-section values are 

about 25% lower than those calculated, which may be due to the resonance 

at 15.8 MeV between the energy for which the optical model parameters 
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Nuclide V  RR 
A W5  RW  AW WV RV Ày V RS As JV/A JW/A JS/A x2 (0) 2 (P) X2 (T) 

MeV fm fm MeV fm fm MeV fin fm MeV fm fm MeV.fm3  

Fe 51.72 1.09 0.67 7.11 1.19 0.39 - - - 8.74 1.06 0.74 348 52.8 15.7 2.54 3.49 3.00 

Cu 44.28 1.20 0.64 7.81 1.18 0.40 - - 7.00 1.22 1.06 377 56.6 13.4 2.48 1.50 1.99 

I 49.94 1.17 0.88 4.63 1.29 0.58 1.54 1.26 0.58 6.61 1.54 0.76 405 59.3 10.0 1.84 0.89 1.36 

W 49.91 1.21 0.75 11.38 1.26 0.30 1.98 1.26 0.58 3.70 1.40 0.30 410 64.8 4.0 3.11 7.51 5.31 

Hg(l) 49.03 1.20 0.96 23.17 1.26 0.25 - - - 4.93 1.45 0.11 415 80.4 5.2 0.8 4.6 2.71 

Hg(2) 46.86 1.19 0.82 5.15 1.28 0.35 3.29 1.30 0.25 7.42 1.03 0.75 373 55.7 5.5 2.2 14.6 8.4 

Pb 46.77 1.21 0.88 7.90 1.20 0.30 1.98 1.26 0.58 8.86 1.17 0.99 395 46.3 7.3 7.97 4.81 6.4 

C 57.82 1.25 0.36 7.41 1.25 0.27 - - - 2.16 1.25 0.36 547 70.6 12.9 4.58 8.62 6.60 

Table 6.3. 	Optimum values of the optical potential parameters for 16 MeV neutrons. 
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were deduced and the energy of the present measurement. 

a 	 88) Searches for optimum parameters were carried/with the Haouat et al. 

parameters as the starting values. The best fit parameters are listed in 

Table 6.3 and the distributions illustrated in Fig. 6.33. The differential 

cross-section data aLre well fitted but the fit to the polarization is less 

satisfactory. 

6.5 	Conclusion 

The motivation of the present work to add more neutron polarization 

data to that existing, to enable a better understanding of the success of 

the optical model has been carried out successfully. The measurement 

added data for heavy nuclei (W, TZ, Pb, Bi and U) in the energy range of 

< 5 MeV (2.9 MeV) and for medium and heavy nuclei (Fe, Cu, I, W, Hg and 

Pb) in the range 5-25 MeV (14.2 and 16 MeV). The differential cross-

section data evaluated from the same measurements made it possible to 

attempt optical model analysis for each nucleus individually for each 

energy.From the result of the optical model analyses in Section 6.2.2 

on 2.9 MeV neutron scattering the following observations are made: 

Optical model calculations combined with Hauser-Feshbach calculations 

based on global parameters and those suggested previously for particular 

nuclei provide a better overall agreement to measured differential cross-

sections than polarizations. 

Hauser-Feshbach compound elastic calculations, that included the 

Moldauer level width fluctuation correction provide a better fit to the 

data on all the heavy nuclei except for Uranium which showed a similar 

fit both with and without the MLF correction. 

A much better fit to both cross-sections and polarizations is 

obtained from an individual analysis on each nucleus, with the optimum 

parameter sets listed in Table 6.2. 
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(4) 	The average value for the spin-orbit potential for the optimum 

parameter sets has a notably large value of 14.04 MeV. The mean value 

of the real, imaginary and spin-orbit radii are 1.21, 1.35 and 1.17 fin 

while the corresponding diffuseness parameters are 0.63, 0.40 and 0.47 

fm respectively. 

From the result of the optical model analyses for 16 MeV neutrons 

(Section 6.2.3) the following observations are made: 

For all the nuclei the calculations based on the parameters of 

Rosen et al. give a better fit to the differential cross-section data. 

In the case of Fe and of Cu, the calculated polarization baed on 

Rosen et al. parameters is closer to the measurement except for around 

200, while for I, W, Hg and Pb none of the parameters does very well. 

Results of the optimum parameter search (Table 6.3) shows the 

evidence of including a volume imaginary term for the heavier nuclei 

whose strength depends on mass number. The mean of the real, imaginary 

and spin-orbit radii for Table 6.3 are 1.19 1.23 and 1.30 fin res-

pectively while the mean diffusenesses are 0.73, 0.36 and 0.62 fin 

respectively. 	 - 

Even with the optimum parameter set the fits to the polarization 

data for the heavier nuclei are much poorer than the lighter ones. 

The discrepancy of the polarization value around 200, still remained 

for most of the nuclei. 

The result of the double scattering experiment with 14 MeV neutrons 

for Cu and Pb supports the evidence of large magnitude of polarization 

around 200. 	Optical model calculations done for 14.2 MeV neutrons on 

Cu and Pb also have a very small magnitude of polarization around 200. 

In fact there is little difference in the calculated values for 14 and 16 

MeV neutron polarization at forward angles (Fig. 6.34). Attempts were 

made to modify the conventional optical model parameters to account for 
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the 200  effect for 16 MeV neutrons scattered from Cu and Pb. It was 

observed that increasing the radius or the diffuseness of the spin-orbit 

term increases the polarization (Fig. 6.35) at forward angles with little 

effect at the rest of the angles or on the cross-section. 
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