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ABSTRACT.

The most commonly used technique to investigate the degree

of polarization of a fast neutron beam has been, so far, the
4 He scattering polerimeter. This system is based on the asymmetry

of the nuclear scattering cross section introduced by the nucleus 

spin-orbital angular momentum interaction between the neutron 

and the nucleus, in which case the analysing power of the 

scattering nucleus is calculated from a complicated phase shift 

analysis of the elastic scattering differential cross section 

data. The asymmetry may be affected by neutron background which 

in turn may introduce a systematic error in the polarization 

value, since correction for this effect depends on the judgement 

of the experimenter.

An alternative technique is the small angle Mott-kchwinger 

scattering, in which case the polarization is calculated 

directly from the experimental total cross section and 

differential elastic scattering cross section for the angle of 

scattering, and therefore is not influenced by the model used 

to describe the nucleus. This system has been employed mainly 

to investigate small angle theory, requiring then, very fine 

collimation of the neutron beam incident on the analysing 

scatterer and very small spread in scattering angles accepted 

by the neutron detectors which have to be positioned very close 

to the neutron beam with the consequent problem of severe



background. For these reasons the efficiency of data collection
lL

is very low when compared with the efficiency of a typical He 

scattering polarimeter.

The main objective of this thesis is to design and construct 

a polarimeter for neutrons of a few MeV energy based on small

angle Mott-Gchwinger scattering which has an efficiency of data
4. 

collection comparable to that attainable in a conventional He

scattering polarimeter based on a gas scintillator. The 

calculations carried out to obtain an optimum geometry for such a 

polarimeter are presented and a detailed description of its 

construction is given. This Mott-Schwinger scattering polarimeter 

has been assessed by measuring the polarization of fast neutrons 

emitted from the Ir (d fn)He^ reaction at a laboratory reaction 

angle of about 45° at several deuteron energies below 500 KeV.

The polarization values obtained agree with recent
h

measurements obtained with a typical He scattering polarimeter 

and the new technique based on a helium filled proportional

chamber. A comparison of the polarization values of D-D neutrons
4 obtained with the present Mott-Schwinger polarimeter and He

scattering polarimeter indicated that the efficiency of data 

collection of both systems are comparable. It is concluded that 

the advantages of the present Mott-Schwinger scattering polarimeter 

outweigh the experimental difficulties and that this system can 

provide an efficient and reliable method to determine the source 

polarization in various neutron producing reactions.
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CHAPTER 1.



CHAPTI& 1.

FAST NEUTRON POLARIZATION STUDIES

1*1 Introduction*

Reliable fast neutron polarization data can be extremely 

helpful in the analysis of some problems in nuclear physics, 

namely in obtaining spin-parity information concerning unbound

nuclear states; the reaction mechanism of neutron production
x 

reactions such as (d,n), (p,n), (He ,n) etc. and the effect of

spin-orbit forces in elastic scattering. Also, an accurate 

knowledge of polarization of neutrons emitted in the main 

neutron producing reactions is important for their use in 

experiments on scattering of polarized neutrons. Thus, 

measurements of the polarization of neutrons scattered by the 

lightest nuclei can provide information about nucleon-nucleon 

forces; information about nuclear energy levels can be obtained 

in the study of other light nuclei; and for intermediate and 

heavy nuclei, one can learn something about the neutron-nucleus 

potential*

A beam of neutrons is polarized if the spins are not 

randomly distributed but have some preferred orientation. If the 

number of neutrons in the beam with spin component parallel to

-1-



this preferred direction is N+ and the number with antiparallel 

spin component is N-, the polarization is defined asj

/T T(i.i.
N+ + K-

According to Wolfenstein ' f the equation (1.1.1) is equivalent 

to Pn a <O~d>, the expectation value of the component o~d of the 

spin operator cr along the preferred direction d. If this direction 

is not selected in advance, P can be defined with respect to 

arbitrary axes and the direction also found. Thus, the polarization 

is given by*

*/

and the preferred direction is specified by the polarization 

vector i

(1.1.3)

Since conventional neutron detectors are not sensitive to the 

neutron spin direction, the measurement of fast neutron 

polarization generally involves a double scattering process. 

Fig. 1 shows a typical geometry for fast neutron polarization 

measurements   Unpolarized charged particles of energy E in the 

direction k, are incident on a target T, where a reaction occurs 

in which neutrons of polarization F (Et^) **<* produced. Neutrons 

of energy E^ emitted in the direction kn are elastically scattered

-2-
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by a scatterer S through angles

The polarization J^ of the neutrons emitted from the 

reaction in the target T is normal to the reaction plane ' 

defined by the momentum vectors k, and k of incident and
*"*CL """II

outgoing beam. Thus, the polarization may be written as:

3") 
where Pn is given by equation (1,1.1), and the sign convention "

for n is defined byt

(1.1.5)

Wolf enstein ' pointed out that even with an unpolarized beam 

falling on a target with random spin orientation, a partially 

polarized neutron beam may result, due to the interference 

between the wave describing particles which are scattered 

without change of spin direction and the wave describing spin- 

shifted particles. Thus, in any scattering process involving a 

suitable force coupling spin and space coordinates, there is the 

possibility of polarization, its sign and magnitude depending on 

the angle of scattering,

The second reaction, or analyzing reaction, permits 

observation of the polarization of the neutrons. The analyzing



power of the second scattering is written:

2. = P8(En,e 2 )S2 d.i.6)

where:
(1.1*7)

in x

and is equal to the polarization that unpolarized neutrons of 

energy E would have after elastic scattering through ©2 "by 

scatterer (er analyzer) S« Because the neutron beam from the

target T is polarized, the differential cross section in the
2) elastic scattering process has an azimuthal dependence i

Ph Ps(e2 )cos0] (1.1.8)

where O£(e2 ) is the differential cross section for the elastic 

scattering process for an unpolarized neutron beam, and the 

azimuthal angle 0 is the angle between n, and n^i

A /\
cosp » n^ , ng (1,1.9)

Neutron detectors are then placed at a fixed scattering 

angle 0p to measure the intensities I and 1^. for azimuthal 

angles equal to 0 = o and 0 = TT , respectively. These two 

detector positions are called R (right) and L (left) respectively 

The intensities I Q & IR and 1^ = 1-^ are simply related to the 

polarization product PP by the fundamental expression for the



asymmetry € ,

€ a PPR = IB * IL (1.1.10)
tu^m^mm^

It follows then that a direct measurement of either P^ or P0n o

is not possible. If, however, the analysing power P can be 

calculated for some nuclems, it is then possible to measure P 

for a variety of source reactions. Two different experimental 

techniques for fast neutron polarization measurements, using 

different analysers, will be discussed in the following sections.

1.2 Neutron Elastic Scattering b.y Light Nuclei.

Schwinger has suggested two possible methods to produce 

polarized neutron beams, which can alternatively be used as 

analysing processes. The first method ^ involves the elastic 

scattering of neutrons by light nuclei of spin-zero, in a 

resonance of the compound nucleus which involves a definite 

neutron orbital angular momentum l>o (P fl>» etc.). Since a 

given resonance also requires a definite total angular momentum, 

J*l + )£orJ:=l-}£, it follows that the two possible neutron 

orientations will have different angular distributions after 

scattering. The current procedure is to select a light nucleus,
h Tp

usually He or C , as a standard analyser, since in these 

cases the total cross sections and angular distributions for 

neutron elastic scattering are rather well known over a wide



range in energy so that a value of the analysing power 

Pg(E t Gp) can be calculated directly from the phase shifts,

However, elastic scattering from helium is the most 

preferred, because up to a neutron energy of 20 MeV the 

scattering takes place without excitation of internal degrees 

of freedom of the ex particle and the interaction has a smooth 

dependence on energy \ leading therefore, to a large

polarization which depends smoothly on energy. This is not the
"\*2 "\f-\ 

case with C or 0 . At present there are several sets of

n - He4 phase-shifts 7,8,9 f 10,ll)^ SQme Qf them Qf recent

publication * *', It is difficult to estimate the accuracy to 

which a phase-shift analysis, aid therefore, the analysing power 

is known, due to the complex way in which the errors in the
14}individual phases are interrelated. Bavie and Galloway ' have

lL
compared the analysing power of He , as a function of laboratory 

scattering angle, calculated from various sets of phase-shifts 

and found that the agreement between the analysing powers is much 

better at the backward scattering angles, where maximum analysing 

power occurs, than at the forward scattering angles where the 

minimum analysing power exists. For example, using the phase- 

shifts of Austin et al. " and Morgan and Walter ', the
h

analysing power of tie for 3 MeV neutrons at the forward

scattering minimum differs by 2Q£, while only a 3£ difference 

exists for the backward scattering maximum. Of course, trie phase- 

shift analysis and consequent calculations of the analysing power

-7-



4 12 is constantly undergoing revision as better n-He , n-C and

experiments are performed.

According to Baumngartner -", the polarization P resulting 

from scattering by spin-zero nuclei is given by:

p - 2JT — "" -

tr

where g = 0/0^ P^ (cose) [(JM sin i|

The coefficients P, and P,' ' are tiie Legendre and associated

polynomials respectively. ^ and <^ are the phase shifts for

J s 1 + }& and J = 1 - }£ respectively. A theoretical discussion

of this method has been given by Lepore ' and a description
4 of different types of He scattering polar imeters can be found

in references 17 f 18 and 19.

1.3 Mott-Schwinger Scattering.

20 > The second method suggested by Schwinger ' to produce

polarized fast neutron beams is the basis of this thesis and 

for this reason it will be presented in some detail.

Because of its intrinsic magnetic moment, the neutron 

will interact with, and consequently be scattered by, magnetic 

fields. The interaction between the magnetic moment of the neutron

and the Coulomb field of the nucleus B is of the form l.s t since_. - -.»

-8-



IB associated with the neutron spin & and B with the orbital 

angular momentum JL» Schwinger pointed out that due to this 

spin-orbit interaction, a large polarization could arise in 

small angle scattering of neutrons by heavy nuclei. Mott ' 

had earlier predicted a similar effect for the scattering of 

electrons, and so, the effect is called Mott-bchwinger 

scattering.

In order to produce a spin dependent scattering, the major 

part of this scattering should take place outside the nucleus 

but within the screening radius of the atomic electrons. This 

restricts the range of scattering angles where the effect can 

be observed* According to Schwinger, the unscreened Coulomb 

field of a nucleus is effective in the angular range:

T-- V, 2sin(e/2)« fa (1.3.1)
Jewel JUl

where k,a9 e ^^d R are the neutron wave number, the screening 

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

respectively. Schwinger showed, by the Born approximation method, 

that the amplitude of such scattering is:

f(0) = fo(e) + fg(e) 

where f (e) is the nuclear scattering amplitude and*

ffe) = Jiiff.n cot(e/2)(VMc)(Ze2Ac) (1.3.2)D "" •**

where 6 is the Pauli spin vector, n is the unit vector defined byi

k x k = nk2sin e (1.3.3)

-9-



where k and k are vectors in the direction of the incident and   o  

scattered neutrons respectively. Thus, the polarization of the 

scattered neutrons resulting from interference "between nuclear 

and electromagnetic scattering is:

P (e) =
-2lmf (e) tfcot (e/2)

with y = }'2//nZe2/Mc2 = k2.

The denominator of equation (1.3 .4) is the differential 

scattering cross section for an initially unpolarized neutron 

beam, from which it is clear that the iriott-bchvvinger interaction 

is particularly important for heavy nuclei and small scattering 

angles. Within the angular range defined by equation (1.3.1)» 

the specifically nuclear scattering fQ (©) is insensitive to 

angle and can be replaced by the appropriate value for forward

scattering f (0), and Imf (0) is related $o the total scattering 

cross section byj

k tfV
Imf0 (0) =

so that the polarization of the scattered neutrons is given byt

•* f cotPo(e) =
2 IT <T0 (e)

From this last equation, it is seen that the polarization 

resulting from small angle scattering of neutrons from heavy 

nuclei can be determined from the measured total cross section

-10-



and differential scattering cross section for the angle of 

scattering, without need for a phase shift analysis.

Using the "hard sphere" model, Schwinger showed that there 

is an optimum scattering angle eQ , for which the polarization 

is a maximum* This angle is:

ft = 2arc tan (>' U -^-1 (1.5.7)

according to his calculation, 1 Mev neutrons scattered by lead 

through a scattering angle of 1*5° should have practically complete 

polarization and the polarization should decrease with increasing 

scattering angle approximately inversely as the angle. It follows 

then that it is possible to choose angles larger than 0 for which

the degree of polarization is still reasonable without considerable
22"} loss in the experimental effect. Similarly, Sample ' has carried

out a detailed calculation of the perturbation of a "Hard sphere" 

wave fuction by this magnetic interaction and has developed an 

expression for the differential scattering cross section for a 

10C$ polarized neutron beam, which is slightly different from 

Schwinger f s. According to Sample's calculations, the differential 

scattering cross section for 100^ polarized 3.1 Mev neutrons 

scattered by lead is appreciably polarization sensitive, provided 

the scattering angles are less than 10°.

-11-



^ ^ The Differential Scattering Cross Section at Small Argles,

As mentioned "before, the study of the elastic scattering 

of neutrons by intermediate and heavy nuclei can provide 

information about the neutron-nucleus interaction. In the case 

of small angle (<10°) scattering of fast neutrons by medium 

and heavy nuclei, other long range components, besides the 

Mott-Bchwinger scattering, have to be considered in the total 

potential of the interaction of the neutron with the nucleus. 

Purcell and Ramsey *' suggested that the interaction of the 

induced electric dipole of the neutron, p =cx E, with the 

Coulomb field E of the nucleus provides another long range 

component which can contribute to the differential scattering 

cross section at small scattering angles* The magnitude of the

contribution from this electric-dipole interaction depends on
24} the so called polarizability of the neutron. Fox ' has

suggested a long range component resulting from the purely 

nuclear interaction, which does not decrease as rapidly with 

Increasing distance from the nucleus as is generally assumed. 

This last component is not normally considered when analysing 

scattering data, since the possibility of estimating 

(quantitatively) its effect is limited by the fact that the 

expected magnitude is of the same order as the uncertainty in 

the prediction of the optical model.

-12-



25) Applying the Born approximation method, Walt and Fossan "
have shown that the expression for the differential scattering 

cross section for an unpolarized neutron beam is:

where the specific nuclear scattering is expressed in the form

fn = A + B(f . n) (1.4.2)

fg is the £chwinger scattering amplitude defined by equation 

(1.3.2), and the term 2(Ir*B) ft cot(e/2) results from the 

interference of the Bchwinger scattering amplitude with that 

from nuclear scattering. The scattering amplitude, f , results 

from the induced electric dipole moment, and it is proportional 

to the electric polarizability of the neutron, i.e. f <* <*   

The term 2(ReA)f results from the interference of the 

polarizability amplitude with that from nuclear scattering. The 

effect of the polarizability of the neutron on the differential 

scattering cross section is given by the last two terms in 

equation (1.4.1).

For heavy elements, ReA is negative for scattering angles 

lass than 15° and f is positive for small angles and decreases 

with increasing angle. Thus, these two terms produce a decrease 

in the differential scattering cross section at small angles 

when | 2(ReA)f | >f 2 and produce an increase when | 2(ReA)f |<f
f Jr f f

depending on the value of <x   TJie contribution of these two terms 

to the differential cross section for scattering of 570 kev

-13-



neutrons by uranium, for different values of &~ , is 

illustrated in figure 2a, Figure 2b shows the experimental 

differential cross sections and calculated values after 

subtracting the Schwinger scattering term. From this, they 

concluded that the contribution of the neutron polarizability 

to the differential scattering cross section at small scattering

angles is very small at a value of ex close to its experimentally
26 } determined ' upper limit. The differential scattering cross

section at scattering angles less than 18° did not show evidence

for any anomalous long range neutron-nucleus interaction as
27 28 reported by other experimenters '* f

Aleksandrov tj carried out an experiment to investigate 

the possible contribution of the polarizability of the neutron 

to the differential scattering cross section of 2 &iev neutrons 

by Pu f U, Sn f Pb t Bi, and Cu in the angular interval from 4 to 

25°. He observed a sharp increase in the differential scattering 

cross section for Pu and U for scattering angles less than 11° , 

although for the other elements the possible increase was 

within the limits of the experimental error. He attributed this 

increase in differential scattering cross section to the 

polarizability of the neutron and performed some calculations 

based on the "hard sphere" model from which he obtained a value
j.  - 

of c< = (8 - 3»5) x 10 cms^ ; but the more accurate

calculation by Fossan and ftalt " shows that this interpretation
 40 5 

of Aleksandrov 's results would require ^ > 5 x 10 cnr. Both

of these values are considerably larger than the estimate

-14-
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2 x 10*"^ cnr obtained from elementary particle theory

As an attempt to establish the possible energy dependence 

of the mentioned effect, Aleksandrov et al ^' made an experiment 

to investigate the differential cross section for elastic 

scattering of C.8 and 2.8 Vev neutrons by Th, U and Cu in the 

angular interval from 3° to 25°. Their measurements for 0.3 Mev 

neutrons agree with £ changer theory within the limit of error. 

For 2.8 Mev neutrons, they observed an increase in the differential 

scattering cross section for U and Th for scattering angles less 

than 10°.

ISlwyn et al *' undertook an experiment to investigate the 

polarization and differential scattering cross section of 

830 kev neutrons scattered by uranium through angles of 1.65°, 

2.35°, 4.6° and 10°. The resulting angular distribution 

exhibited an anomalous increase with deer earning angle. In order 

to interpret this effect, they carried out some calculations 

showing the dependence of the differential scattering croee 

section and polarization on the neutron polarizability for 

830 kev neutrons scattered by uranium in the angular interval 

mentioned. They considered a potential given byj

which accounts for the potential describing the £chwinger 

scattering V_( r ); the potential describing the interaction
o

between the induced electric dipole and the Coulomb field of

-16-



the nucleus V (r), and the nuclear interaction represented by 

an optical model potential V ffi(r). Figure 3 shows the differential 

cross section as calculated for the various potentials described 

in equation (1.4.3). From this they concluded that the increase 

in differential scattering cross section due to the polarizability 

of the neutron is quite email. Also, they suggested that the 

anomaly in uranium, if it exists, could be attributed to another 

long range component of the neutron-nucleus interaction, and 

that it might be associated with the fission threshold, since the 

fission threshold of U * occurs at a neutron energy of 

approximately 600 kev and their measurements v;ere made at a

neutron energy above this threshold. On this basis, they suggested
25} that Walt and Fossan '' did not observe any anomaly because their

measurements were made at a neutron energy below the fission 

threshold.

XT \

In order to investigate this fission effect, Adam et al ' ' 

measured the differential cross section for elastic scattering 

of 14.7 Mev neutrons scattered by uranium in the angular interval 

from 4° to 18°. The measured and calculated differential cross 

sections were in excellent agreement and they concluded that for 

neutron energies near 14 Mev and for small scattering angles 

there is no anomalous scattering. They applied the optical model 

with the contribution of inelastic scattering to describe, 

satisfactorily, the differential scattering cross section. 

Gorlov et al ^ studied the small angle scattering of 4 Mev 

neutrons and reported the results to be consistent with Schwinger

-17-
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calculation.

Kuchnir et al -"^ have investigated the differential cross 

section and polarization of neutrons elastically scattered by 

U t Th, Fb, Au f w and Cd for scattering angles between 1.75° and 

15° for neutron energies between 0.6 and 1.6 i^ev. The measured 

angular distributions did not show any anomaly and were consistent 

with the calculations based on the neutron-nucleus interaction 

which takes into account the Schwinger scattering, the 

polariz ability of the neutron and the nuclear interaction 

represented by an optical model potential. Thus they concluded 

that the polarizability interaction can be neglected so that 

the electromagnetic interaction is assumed to be entirely given 

by the Sch winger term.

Anikin and Kotukhov ' ' reported differential scattering 

cross sections in the angular interval from 2»5 to 25° for Cu f 

Pb said U for neutrons of mean energies 0»575t 1«33» 2.45, 4.5, 

5.6 and 8.4 Mev. They suggested that the agreement between the 

calculated and measured differential scattering cross sections

can be improved by correcting the optical model nuclear
-40 3 potential, corresponding to c* n 2 2 x 10 cm . This allowed

normalization of their calculated differential cross section by 

up to 155t to fit the experimental points.

-19-



A recent report **' on the question of a contribution to 

the differential scattering cross section due to the polarizability 

of the neutron concerned the scattering of 3 Mev polarized neutrons 

through angles from 1.6° to 7 t 7° by U f Pb and Cu. In this work, 

Galloway and Maayouf ^' found that the calculated and measured 

differential scattering cross sections are in agreement with 

Schwinger theory and they did not observe a significant effect 

attributable to the polarizability of the neutron.

Very recently, Martin et al ' ' used the associated particle 

technique to investigate the differential scattering cross 

section for 4.3 Mev neutrons elastically scattered from U, Bi 

and Pb through angles of 5°t 10° and 15°. The measured and 

calculated angular distribution for uranium are in very good 

agreement with Schwinger theory, but the theoretical fits to 

the data were not in such good agreement for lead and mainly for 

bismuth, although in the latter case there were large errors 

associated with the data points. They suggested that the 

indication of an enhancement in the case of bismuth at smaller 

angles might be associated with the diffraction effects due to 

the presence of alpha particle clusters in the surface of the 

heavy nucleus. However, they concluded that for 4.3 ^ev neutrons 

the alpha particle cluster model, originally described by 

Vogt ^t predicts a deviation from the optical model calculations 

which is too small to detect.

-20-



In view of this inconsistency, some authors have 

reinterpreted with a different model the results obtained by 

other authors and found that the anomalies are due to the models 

used for interpreting the experimental data. Thus the anomaly 

reported by Dukarevich et al ^ for U at 14.2 Mev disappeared 

when reinterpreted by Anikin et al ^) g^ for Th wnen 

reinterpreted by Palla

Gorlov et al ' pointed out that the main difficulty in 

the interpretation of the experimental data on small angle 

scattering of Mev neutrons by hegvy nuclei is the uncertainty in 

the magnitude of the nuclear cross section predicted by the

theory, as there exists an uncertainty of about 10$ - 2C$ in the
41} value of the nuclear cross section as predicted ' by the

optical model*

In order to assess the degree of agreement between
•52 "i 

experiment and theory, Gorlov et al ^ ' introduced the quantity

(1.4.4)

where 0*^(6) is the cross section de&cribed by the nuclear model 

employed. They analysed the results of various authors ^t^e^/ 

who reported an anomalous increase in the differential scattering 

cross section, end found that in neutron scattering by nuclei 

of medium atomic weight the neutron scattering cross section is 

described satisfactorily by different models 28 *5S) of nuclear 

scattering as well as by the optical model of the nucleus, in
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which case A = 0. In ttie case of heavy nuclei they found that 
applying different models in the interpretation of the data of 
one particular experiment can produce conclusions that differ 
in the sign of the effect, that is A = O f A > 0 and A <0 ma;y 
"be found. On this basis, they concluded that the mentioned 

apparent inconsistency in the results is associated with the 
model used to interpret the data.

Thus it is possible to conclude that the general systematic 
trend for heavy nuclei provides evidj&nce that there is no 
anomaly in the small angle differential scattering cross section 
at neutron energies with which we are concerned.

1.5 Fast Neutron Polarization Experiments based on foott-Lchwinger 
Scattering.

The first attempt to measure the degree of polarization of
a fast neutron beam by Mott-bchwinger scattering was made by

42 *x 
Longley et al ^'. They tried to measure the polarization of
neutrons from E (d,n)He* by scattering by Pb t but this experiment

l\~A\did not lead to conclusive results. An attempt by Sample et al '' 
failed because of the difficulty in collimating fast neutrons 
sufficiently well to investigate scattering at very small 

angles.

The first experiment demonstrating the Mott-£chwinger effect 
was made by Voes and Wilson ', who used a polarized neutron
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Q Qbeam of 100 Mev energy from the reaction Be 7(p,n)B 7 and s 

uranium sample as analyser with scattering angles below 1°, They 

discovered that the sign of the polarization agrees with the 

prediction of Fermi that a nucleer spin-orbit coupling responsible 

for the shell model is also responsible for high energy 

polarization. Thus the sign of the polarization in neutron-nucleus 

scattering is indeed in the opposite direction to thet of Coulomb 

field scattering, for neutrons of a few r.'ev aiergy with which we 

axe concerned. This was confirmed by Hillinan et al **"*' who 

detected again the effect using a technique based on the Larmour 

precession of the polarization vector through 90° about the 

neutron beam axis in the magnetic field of a solenoid inserted 

between the beryllium target and the uranium analysing scatterer. 

The scattering angle in this experiment was l/3°»

Elwyn et al ^' have measured both the polarization and the 

differential cross section of 830 kev neutrons emitted at 51° 

from Li'(p t n)Be . Although they reported an anomalous increase 

in the differential scattering cross section, they did not
an

observeTadditional polarization effect beyond what was expected 

from the Mott-Schwinger interaction.

Kuchnir et al **' have investigated the differential cross
n n

sections and polarization of neutrons from the reaction Li'(p fn)Be' 

for neutron energies ranging from 0.6 to 1.6 ttev and scattered
through angles from 1.75° to 15° **°m 8^Ples of u . Th ' ^> Au f 

V,' and Cd. They also reported that the general systematic trend



for all nuclei provides evidence that there is no anomaly in 

measured email angle differential cross section and polarization 

at energies below 1,6 Mev.

Gorlov et al ' obtained both the differential crocs section 

and the polarization of 4 I ev neutrons scattered through angles 

of 2°, 4° and 6° from samples of Cu t In, Sn f Pb t Bi and U. As 

mentioned before, the differential cross section values were 

found to be accurately described assuming only nuclear and 

Schwinger scattering. These values were used to determine the 

analysing power of the different nuclei, the differential cross 

sections for elastic scattering of unpolarized neutrons and 

elastic forward nuclear scattering. Similarly, these values were 

used to determine the polarization of the neutrons from the 

in(d tn)He^ reaction averaged over all the angles and elements. 

They confirmed Schwinger f e assumption that the measured 

polarization of the neutrons should be independent of both the 

measurement angle and the scattering elements. The reported 

polarization value for neutrons emitted at 37° Lab. for a mean 

deutcron energy of 1»2 Mev is in good agreement with the results 

obtained by other methods. Here again, they concluded that 

within the accuracy limits of the experiment, quantitative and 

qualitative agreement was obtained between the prediction of 

Schwinger's theory and the measured results.
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Recently, Galloway end Maayouf ' have developed a 

polarimeter for neutrons of a few Mev energy employing elastic 

scattering by lead through an angle of about 2°. The measured 

differential cross sections are as predicted by Schwinger

theory. The polarization value for neutrons emitted at 46° from
2 *t H (d,n)He^ is in agreement with the values obtained using elastic

i\ 
scattering by He • Although they carried out this experiment to

test the agreement between observed behaviour and Schwinger 

theory, they suggested that a fast neutron Schwinger polarimeter 

with an adequate geometry could be comparable in efficiency of 

data collection with the commonly used He scattering polarimeter.

4-7 ^ Elwyn et al ' ' carried out measurements of 1 Mev neutrons

scattered from nuclei with Z£40 through angles of 24°, 56°, 86°, 

118° and 150° • They pointed out that Echwinger scattering may 

contribute to the polarization at a scattering angle as large as 

24°. This is supported by the calculations made by Monahan and 

Elwyn ' based on a more generalised Born approximation which 

takes into account both the nuclear and the electromagnetic 

interactions* Redmond *' and Hogan and Seyler ^ ' have also 

found that the polarization can be influenced by bchwinger 

Blattering at angles much larger than had been previously 

considered*

The different calculations, carried out so far, of the 

polarization resulting from Schwinger scattering lead to different 

conclusions regarding both the amplitude of the effect and the
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range of angles where it extends. However, for scattering angles 

less than 10° » the contribution of the Schwinger scattering to 

the polarization has been extensively demonstrated by several 

experimenters to be in excellent agreement with its theoretical 

description*

1.6 Polarization of Neutrons Emitted from the H2 (d«n)He^ Reaction*

The different experimental techniques used to measure the 

degree of polarization of a fast neutron beam can be assessed by 

measuring, under the seme conditions, the polarization of neutrons 

emitted from a convenient source of polarized neutrons, The 

SciMdnger fast neutron polarimeter object of this thesis is 

intended to be tested with the IT (d,n)He^ reaction at deuteron 

energies below 500 kev,

Historically, the polarization of fast neutrons emitted from 

the H^(d fn)H0^ reaction was first predicted by Wolfenstein ' and 

measured by Huber and Baumgartner •" and by Ricamo ^ , Since

then many measurements of D - D neutron polarization have been
52 "i made, as may be seen in a review by Galloway ^ '. A brief review

of results in the deuteron energy region below 1 Mev is given 

in this section,

Meier et al f using C as analyser, measured the 

angular dependence of the polarization of the neutrons emitted 

from a thin DpO target at a deuteron energy of 600 kev. These
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authors reported maximum polarization values at angles of 58° and 

122° in the centre of mass system. Similarly, McCormac et al ^' 

reported maximum neutron polarization at an angle of 53° in the 

centre of mass system. They used a thick target at deuteron 

energies between 500 and 700 kev.

Levintov et al •>>/ measured the energy dependence of the 

polarization of neutrons emitted at 40° lab. from thick and thin 

targets at deutBron energies from 0.6 to 1.8 Mev. They employed 

helium as analyser and observed the recoil sulpha particles with 

directional proportional counters. The reported polarization 

values for thick and thin targets did not show appreciable difference,

Pasma ^ ' developed a helium gas scintillation counter to be 

used both as polarization analyser and detector of the helium 

recoil nuclei, so that only the scattered neutrons in coincidence 

with the helium recoil are recorded. With this technique Pasma 

measured the energy dependence of the polarization of neutrons at 

47° lab. and found that the polarization increases from 6$ at 

200 kev to 9«5# at 500 kev deuteron bombarding aaergy.

In an attempt to increase the precision of the measurement 

of the neutron polarization at low incident deuteron energies,

Kane ' measured the polarization of neutrons emitted at 45° and 

53° in the laboratory system at an average deuteron energy of 

93 kev. His vfclue for the polarization was the same, within the 

experimental error, as those of the experimenters 53 f 54,55t56)
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Just mentioned. From this comparison he suggested that the 

polarization is independent of the deuteron energy between 93 kev 

and 700 kev.

Ot-Stavnov ^ ' investigated the polarization of the neutrons 

emitted from a heavy ice target at angle of 150° (lab) at 

deuteron energies from 0.4 to 1 Hev. This author employed a 

helium gas detector. He found that the polarization increases in 

absolute magnitude with increasing deuteron energy.

Boersma et al ^ 7/ carried out an experiment to investigate 

the angular and energy dependence of the polarization of the 

neutrons emitted from a 50 kev thick target. The experimental 

set-up used helium gas as analyser and included c* - n coincidence 

requirement and gamma - neutron discrimination. Jhey measured the 

polarization of the neutrons for a deuteron energy of 375 kev at 

ten different reaction angles between 0° and 80° and for deuteron 

energies of 275 kev and 450 kev at 50° (lab). The reported values 

differ by nearly a factor of two in magnitude from the
CC \

measurements of Pasma ? '.

Rogers end Bond ' reported polarization measurements on 

the neutrons emitted at an angle of 45° (lab) at average deuteron 

energies of 99 kev, 81.5 kev and 67.5 kev, which strongly support
c.n\ 6l^

those made by Kane -'"• Hansgen et al ' measured the polarization 

at 50° (lab) for eight different deuteron energies from 57.3 to 

116.8 kev with a thick target and found that the polarization
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exhibits a strong energy variation with a maximum polarization

at an average deuteron energy of 80 kev. In these two experiments
12 C was used for analysing toe emitted neutrons*

Polarization measurements on neutrons scattered through

46.5° by helium were reported by Mulder who used a heavy ice 

target with a thickness of 50 kev at a mean deuteron energy of 

350 kev. This measurement is in very good agreement with the
CQ\

results of Boersma -/7 ',

The polarization of neutrons emitted at 47° lab. from a 

thick heavy ice target at deuteron incident energies between 60

and 380 kev in 20 kev intervals and an angular distribution of
65^ polarization at 340 kev were measured by Behof et al ^ J with

a helium polarimeter* Their results indicated that the 

polarization is a slowly varying function of the deuteron 

energy over most of the range below 400 kev.

Prade and Csikai ' measured the polarization of neutrons 

emitted at 50° lab. from a thick TiB target at five deuteron 

energies between 92 and 173 kev. By using a cloud chamber and 

He^ as analyser, they measured the polarization at average 

deuteron energies of 92 and 173 kev. By using the associated 

particle method and C12 as analyser, they measured the polarization 

at average deuteron energies of 109. 137 and 169 kev. They found 

that the polarization has a sudden decrease in this deuteron 

energy region, which supports the results of Hansgen et al '.
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65} Roding and Scholermann -" measured the angular distribution

of the polarization of *#utrons e,mitted from a TiD target at five 

deuteron energies from 0.5 to 2,0 Mev. The experimental set-up 

employed a high pressure helium-xenon gas scintillator and a time 

of flight system to detect the scattered neutrons f They observed 

a polarization maximum at an angle of 50° c.m.s. at a deuteron 

energy of 500 kev.

Davie and Galloway ' developed a fast neutron polarimeter 

based on neutron scattering from a high pressure helium gas 

Bcintillator t with which a preliminary measurement of polarization 

of neutrons emitted at 46° lab. from a thick TiD target at an

incident deuteron energy of 390 kev was found to be in good
59} agreement with those measurements of Boersma et al ^' y and

Mulder '• These same authors ' have measured the energy 

dependence of the polarization of neutrons emitted at a laboratory 

reaction angle of 46° from a thin TiD target for deuteron energies 

ranging from 300 kev to 900 kev. Their results have a marked
CCN

disagreement with those of Pasma ^ ', Boersma et al ^ J ' and Hoding 

and Scholermann

3£mploying a liquid helium scintillator and neutron time of 

flight technique, Smith and Thornton '' measured the angular 

distribution of the polarization of neutrons for several deuteron 

energies from 0.87 to 5.0 Mev. Their measurement at a laboratory

angle of about 45° at deuteron energy below 1 Mev was found in
55} good agreement with thoee of Levintov et al •'•" and Davie and



Galloway

Only three measurements of the H (d,n)He* neutron 

polarization using the Mot t-Sch winger scattering have "been 

reported. The first of thefce ^ concerned neutrons emitted at 

37° lab. at 1,2 Mev deuteron energy, which, according to to alter , 

differs by about two standard deviations from the trend of helium 

scattering data. The second ' concerned neutrons emitted at

lab. at 575 kev deuteron energy and agreed with the trend of 

the helium scattering data available, although the statistical

accuracy in this experiment was poorer than in the experiment of
52 "i Gorlov et al ' '. The third experiment based on Mott-Bchwinger

scattering was carried out by Maayouf and Galloway " in order 

to compare the performance of this polarimeter with the commonly 

used helium polarimeter. They found that the polarization values 

obtained with both systems are in very good agreement. These 

measurements were carried out for neutrons emitted at 47° from 

a thick TiD target for a mean deuteron energy of 330 kev.

70} Very recently Alsoraya et al ' ' have measured the energy

dependence of the polarization of neutrons emitted at 45° lab. 

from a thin TiD target in the deuteron energy range from 50 to 

500 kev. They also have measured the angular dependence of the 

polarization for mean deuteron energies of 290 and 460 kev at 

seven different reaction angles between 25° and 90°. Their 

experimental set-up consisted of a helium gas scintillator



operating at a pressure of 70 atmospheres and a pair of liquid 

scintillators with pulse shape discrimination against gamma - 

rays. They have found that their measurements below 200 kev agree

reasonably well with the values predicted by the theory of 
71^Boersiaa ' \

Also in a very recent experiment based on a helium filled 

proportional chamber, Bikkema and Steendam ' ' have measured the 

energy dependence of the polarization of neutrons emitted at a 

laboratory reaction angle of about 48° from a XiB target with a 

thickness of about ?0 kev in the deuteron energy range from 50 

to ?00 kev. Their results indicate a monotonic increase of the 

polarization value with increasing deuteron energy in the range 

mentioned. The results of these two last experiments are in 

remarkably good agreement.

From this review it is clear that although many experiments 

have been carried out t there still is a considerable disagreement 

between published measurements of neutron polarization for 

deuteron energies below 1 Mev. The specific purpose of the 

present work is concerned with polarization measurements of 

neutrons emitted from the H (d tn)He^ reaction at a laboratory 

angle of about 45° in the deuteron energy range from 100 kev to 

500 kev. Figure 4- shows a compilation of ten different experiments, 

described in the previous review, so far reported in this deuteron 

energy range and for the raction angle mentioned.
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From fig* 4, one finds that excluding the data of Pasma y ' y ,
fdL}

the point of Prade and Csikai y and one point of Boersma et 

al *9; ̂ the remaining data follow a trend which supports, at 

deuteron energy "below 200 kev, the theory of Boersma. A reason 

to exclude the low values reported by Pasma ^6 ) ±B that they 

were obtained in an experiment without any gamma ray discrimination

technique. The point of Prade and Csikai ' was obtained using
12C as analyser, for which the analysing power is less well

established and is much more energy dependent; also, this technique 

does not permit the detection in coincidence of both the recoil 

nucleus and the scattered nwutron, losing therefore, the advantage 

of discrimination against background neutrons. 'The low vulue reported 

by Boersma et al at 275 kev belongs to a series of measurements 

obtained with a helium polarimeter which included oc - n coincidence 

requirement and gamma ray discrimination, but the helium recoil 

spectra were not recorded and therefore correction for neutron 

background was not made.

1.7 Thesis Objective.

The most commonly used technique to investigate the degree
4 of polarization of a fast neutron beam hae been the He scattering

polarimeter. This system is based on the asymmetry of the nuclear 

scattering cross section introduced by the nucleus spin-orbital 

angular momentum interaction between the neutron and the nucleus, 

in which case the analysing power of the scattering nucleus is 

calculated from a complicated phase shift analysis of the elastic



scattering differential cross section data. The asymmetry may 

be affected by neutron background, which in turn may introduce 

a systematic error in the polarization value, since correction 

for this effect can depend on the judgement of the experimenter.

On the other hand, working with the MottHSchwinger fast 

neutron polarimeter, the polarization is determined from the

equation 'i
(e,o) - 6 (6,11)

(1.7.1)

where the product <J0 (e)PB (e) is defined by equation (1.3.6)5

= - k <TT JT

Therefore, the determination of polarization does not depend on 

a particular nuclear model but on the experimental total cross 

section and differential cross section for the angle of 

scattering. This simplicity of calculating the analysing power 

P~(e ) is the main advantage of the Mott-Schwinger polarimeter.
£>

Most of the Mott-Bchwinger fast neutron polarimeters have 

been designed to investigate the Mott-£chwinger theory. For this, 

they require very fine collimation of the neutron beam incident 

on the analysing scatterer and very small spread in scattering 

angles accepted by the neutron detectors which have to be 

positioned very close to the neutron beam with the consequent 

problem of severe background. For these reasons the efficiency 

of data collection is very low.



The objective of this thesis is to design and construct 

a polarimeter for neutrons of a few Mev energy based on email

angle l!ott-£chwinger scattering, which has an efficiency of data
/i collection comparable to that attainable in a conventional He

scattering polarimeter based on a gas scintill&tor. This 

Mott-Schwinger scattering polarimeter will be assessed by 

measuring the polarization of fast neutrons emitted from the
2 *$

reaction H (d t n)He at a laboratory reaction angle of about 

at several deuteron energies below 500 kev and the results 

obtained in these measurements will be compared with the
h

corresponding values obtained with a typical He scattering 

polarimeter.

-36-



CHAPTER 2.



CHAPTER 2.

THE D'i&IGN AND CONLTRUCTIOK OF A SMALL 

MOTT- £CIf

A typical small angle Mott-Schwinger scattering polarimeter 

is shown diagramatically in figure 5» Briefly, the neutrons 

emitted from the accelerator target after collimation are 

incident on a heavy nuclei scatterer, neutrons scattered to 

•right 1 and f left f in the reaction plane are detected by a pair 

of neutron detectors symmetrically placed relative to the neutron 

beam axis. A third neutron detector, hereafter called the 

collimated neutron monitor, is placed in line with the collimated 

neutron beam axis and it is used to monitor the neutron flux 

passing through the collimator and to determine the total cross 

section for the scatterer employed.

The present chapter describes the calculations carried out 

in order to obtain an optimum geometry for a more efficient small 

angle Mott-Schwinger scattering polarimeter. A comparison of the 

efficiency of the calculated geometry with that attainable in a 

conventional He^ polarimeter and in a recent Mott-bchwinger fast 

neutron polarimeter is presented. Also, a detailed description 

of the construction of the present experimental set-up is given.
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2.1 Definition of Parameters.

The different parameters involved in the efficiency of 

polarization determination, in an ideal system with no background, 

are:

_fL,: solid angle subtended by the scatterer at the neutron source 

JT 2 : solid angle subtended by a side neutron detector at the

scatterer

t ; thickness of the scatterer

n j the number of scattering nuclei per unit volume 

(T0 (e)t the differential scattering crose section for the angle of

scattering 

: square of the analysing power for the scattering process

In order to compare the efficiency of different experimental 

arrangements, a figure of merit, f, may be defined as:

f =iL,_a2 -U <T0 (e)Ps2 (e) (2.1.1)

46} 
This figure of merit has been employed by Galloway and Maayouf '

to evaluate the efficiency of both a &ott-£chv,'inger fast neutron 

polarimeter and a He scattering polarimeter based on a gas 

scintillator. They found that a particular Mott-fcchwinger fast 

neutron polarimeter should take 120 times as long to obtain a 

polarization value with the same statistical accuracy as the 

particular He4 scattering polarimeter f This sort of performance 

is typical of small angle Mott-tchwinger scattering sybtems 

employed up to now.
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The central idea of the present experiment is to reduce 

the time of data collection of a Mott-Schwinger fast neutron 

polarimeter by selecting an adequate geometry with larger spread 

in scattering angles and collecting in one measurement the 

polarization information in an angular interval determined by 

suitable values of analysing power and figure of merit.

2.2 Evaluation of Parameters.

Eough calculations of angular spread suggested the following 

dimensions:

1) a distance of about 65 cm between target and scatterer (in 

the experiment this distance was 7? cm).

2) a collimator 46 cm long with a 1 cm side square axial hole.

3) a distance of 60 cm between scatterer and side detectors. 

These dimensions form the basis of a workable system and this 

was investigated in more detail. The geometrical factors involved 

in the following calculations are referred to figure 6. The 

target is assumed a point source of neutrons and the collimator 

has been omitted for clafcity.

2.2.1 Solid Angle Subtended by Scatterer at Neutron Lource.

By definition, the differential solid angle subtended by an 

element of surface area ds at a point 0 outside the surface M is 

given byi

t-ds (2.2.1)
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where r is the vector joining the point 0 with the element of 

surface area ds and ds is the vector normal to the element of 

surface area ds. The total solid angle subtended by the surface

t£ at the point 0 ist
f r.ds 

JT = •" 3, •
/M lr (2.2.2)

this equation in scalar form is:

(a-x)dydz -H (b-x)dxd2 + (c-z) dx dy
(2.2.5)

where (a,b fc) and (x fy f z) are the Cartesian coordinates of 0 

and ds respectively.

Applying the equation (2.2.2) it is possible to show that 

the exact expression for the solid angle subtended by a 

rectangular pyramid of half angles <* and p iss
f i . / /> 4-

_ _ ., . iCOSot Tanp \ • • /coSo (anJl - 2T1 - 4 ^^c <.ml-^-^^ |qn P l 4- arc -•- ' r

and for the special case of a square pyramid <=* = ^ and the 

expression for solid angle is reduced tos

r 2 IT - 8 arc sin ( co<V

In order to maximise the solid angle for acceptance of neutrons 

from the target, without enlarging the dimension of the OOllimated 

neutron beam, a square cross section aperture was chosen for the 

present experimental arrangement. The solid angle subtended by the 

scatterer at the target defined by the far end of the collimator 

ie given by equation (2.2.5). A collimator 46 cm long with a 1 cm
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Bide square axial hole was found suitable to meet the previous 

requirement, and at the same time, permits the side neutron 

detectors to be positioned as close to the collimated beam axis 

ae to accept a minimum scattering angle of about 1.8°, measured 

between the collimated neutron beam axis and the line joining 

the geometrical centre of the scatterer with the nearest point 

of the Bide neutron detector to the collimated neutron beam.

2*2*2 Scatterer requirements*

As mentioned in section l«7t the determination of 

polarization in a Mott-Schwinger fast neutron polarimeter 

depends on the experimental total cross section and differential 

elastic cross section for the angle of scattering, therefore, 

the scatterer used in the present experiment should meet the 

requirements of transmission total cross section and differential 

elastic scattering cross section measurements.

The heavy element selected as scatterer was lead. The 

scatterer, machined out of a piece of pure lead, has a square 

cross section dictated by the collimator aperture. The side of 

the scatterer was chosen a little larger than the dimension of 

the collimated neutron beam at the scatterer position in order 

to reduce the correction required for inscattering into the 

collimated b«am monitor. The thickness of the scatterer along 

the beam direction was determined by a desired transmission of 

about 5Q£ for neutrons of about 3 Mev with which we are concerned



This transmission value is a fair choice from the standpoint of 

multiple scattering and finite geometry corrections, and on the 

other hand solves the compromise between low statistical error 

in the measured total cross section by using a thick sample and 

minimum corrections due to inscattering by using a thin sample. 

The actual dimension of the lead sample are 2.6 cm thick and 

1.7 cm side.

2.2.3 Solid Angle Subtended by Neutron .£ide Detector at Scatterer.

Although at this stage the dimensions of the neutron side 

detectors have not been determined, an analytic account will be 

presented in order to evaluate the total solid angle subtended 

by a side detector at the scatterer.

The scatterer is divided into differential volume elements 

and the differential solid angle subtended by the effective area 

presented by the detector at a particular scatterer element is 

evaluated using $he equation (2.2.3). Now H is the surface area 

on the plane YZ defined by the projection of the detector on such 

a plane for a particular scatterer element. Integrating this 

equation for a given scatterer element, a differential solid 

angle d-a2 is obtained:

d-flj- ore. iqn ——- "—-——————————— _ arc

(2.2.6)



In this equation (a,b,c) are the coordinates of the scatterer 

element and y-,, y2 t z^ &&& Z2 are *ne integration limits determined 

by the coordinates of the scatterer element selected. The 

evaluation of equation (2.2.6) for each scatterer element is a 

repetitive process, and so a computer program was elaborated, in 

which the total solid angle subtended by a side detector at the 

scatterer can be obtained evaluating the expression (2.2.6) for 

each scatterer element and an average was taken.

2.2.4 Analysing Power and Figure of Merit.

As pointed out in chapter 1, the analysing power can be 

calculated directly from the experimental total cross section CTT , 

and differential elastic scattering cross section (T0 (e). The 

analysing power has been defined ast

Ps (e) = k<TT ycot(e/2 )/2TT<ro(e) (1.3.6)

where e is the scattering angle. Since the angular resolution 

for this experimental geometry is finite, account has to be taken 

of the fact that the differential elastic scattering cross section 

is not constant with the scattering angle.

In order to evaluate the analysing power, the scatterer and 

effective area of the detector projected on plane Y& are divided 

into differential volume and surface area elements respectively. 

The scattering angle, e , is then the angle between the line 

joining the target with a particular scatterer element and the
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line joining this scatterer element with a given surface area 

element on plane YZ. The differential elastic scattering cross 

section value associated with the scattering angle is obtained 

from the theoretical curve shown in figure ?• This theoretical 

curve is based on optical model calculations carried out by 

Wilmore and Hodgson '*'. The total cross section for lead, in 

the neutron energy range of interest, used in these calculations 

is taken from a summary of neutron total cross section made by 

Hughes and Harvey " '.

Thus, the analysing power, Ps (e)> and figure of merit, f, 

can be calculated and averaged over the geometry of both the 

scatterer and detector. This is also a repetitive process which 

is included in the computer program mentioned in section 2.2.2.

2.2.5 Dimensions of the Side Neutron Detector.

The dimensions of the side detectors were chosen according

to the following requirements:

1) the vertical (asimuthal) dimension of the side detector must 

be a little larger than the vertical dimension of the neutron 

beam at the position of the side detectors, so that an 

intercalibration of detection efficiencies of the collimated 

beam monitor and the side detectors can be made by scanning 

each side detector in turn across the collimated neutron beam. 

This dimension turned out to be 3»0 cm.
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2) the horizontal dimension (length) of the side detector 

represents a compromise between two factors affecting the 

figure of merit of the system. On the one hand, one can get 

a large analysing power value and small solid angle subtended 

by the side detector at the scatterer f and therefore low 

counting rate f by using a short detector. On the other hand, 

one gets a low analysing power value but large solid angle 

subtended by side detector at scatterer when using a long 

side detector.

In order to determine the optimum length for the side 

detectors, the analysing power and figure of merit for several 

detector lengths were calculated with a computer program which 

takes into account all the geometrical factors described above. 

In these calculations the minimum scattering angle, measured 

between the collimated neutron beam axis and the line joining 

the geometrical centre of the scatterer with the nearest point 

of the side detector, is 1.8°.

The results of these calculations are shown in figure 8. 

From these curves it is clear that there is little to be 

gained in figure of merit by having a detector length greater 

than 4.0 cm and having at the same time a reasonable value in 

analysing power. It was decided that cylindrical stllbene crystals, 

3.8 cm in diameter by 3.5 cm long, commercially** available at that 

time, should meet the requirements for the side detectors. These

* 'Footnote: Manufactured and marketed by Nuclear enterprises Ltd. (U.K.)
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dimensions of the side detectors will permit collection of all 

the polarization information in the angular interval from 1.8° 

to 5*5° in one measurement.

2.2.6 Comparison with a Typical He4 Scattering Polariraeter.

Once all the geometrical parameters for a more efficient 

small angle Mott-Schwinger scattering polarimeter were determined, 

the analysing power and figure of merit for the selected 

experimental arrangement were calculated with the computer program 

described above and compared with those of a recent iviott-bchwinger 

and a typical He scattering ' fast neutron polarimeter. Table 2.1 

shows the comparison.

From this comparison it is concluded that a small angle 

Mott-Schwinger scattering fast neutron polarimeter employing the

geometry described should take 1.5 times as long to obtain a
4. 

polarization value with the same statistical accuracy as the He

scattering polarimeter.

This comparison has been made assuming that the side 

detectors in these three different systems have the same efficiency 

and that the neutron background is negligible. However, this latter 

assumption is far from the real situation, as far as the 

Mott-£chwinger polarimeter is concerned, since the neutron 

background in small angle experiments is rather high. Therefore, 

the measurements in this experiment will be carried out with and

-50-



Table 2,1. Comparison of figure of merit of a recent Eiott -
jh

Schwinger and a typical He scattering polarimeter with that 
of the present experimental arrangement.

Parameter Mott-Lchwinger He Present experimental
geometry.

-H-, (sr) 9 x 10~5 3 x 10"5 2.3 x loT4

3 x icf4 5 x 10~2 5.7

n(nuclei/cm^) 3.3 x 1022 1,8 x 1021 3.3 x 1022

t (cm) 2.6 5 2.6

6"0(©) (b/sr) 6.1 at 2° 8 x 10~2 at 120° 6.1 at 2? 5.8 at

PK (e) 0.5 at 2° 1 at 120° 0.4o

f 3.5 x 1015 1.1 x 1017 7.2 x 1016

Relative figure
of merit 1 "31 20

'**» ••.
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without scattering sample, doubling the time taken for the 

Mott-Schwinger measurements; that is, it is expected that the 

present Mott-Schwinger scattering polarimeter should take at 

least three times as long to obtain a polarization value with 

the same statistical accuracy as the He scattering polarimeter ' 

based on a helium gas scintillator operating at a pressure of 

70 atmospheres.

2»3 The Experimental Arrangement.

Due to the critical requirements imposed by the small angle 

experiments, particular attention was paid to the precise design, 

construction and assembling of all the different parts of the 

present Mott-Schwinger fast neutron polarimeter. A detailed 

description of the construction of the system is given in this 

section*

2.3*1 Tar get A ss emb.lj •

The target used is a TiB copper backed rectangular strip 

which can be soft soldered to the target holder. The target 

assembly consists of a brass target holder vacuum sealed into 

a quartz beam tube at ite base with an 'O 1 ring; cooling water 

circulates within the interior of the target holder thus cooling 

the target and preventing the thermal outgassing of deuterium.
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Two different target holders were used in the present 

investigation. One of them, hereafter called angled target, 

permits the target surface to be placed at 4-5° relative to the 

accelerator beam in such a way that the length of the rectangular 

target strip is in the reaction plane and its width is along the 

vertical axis of the collimator. Thus beam spot movement takes 

place along the collimator axis and the target-scatterer geometry 

is preserved. Further, this type of target holder provides a good 

visual indication of the position of the target surface, 

producing therefore, an easier alignment of the system, as explained 

later. The second target holder, hereafter called straight target, 

permits the target surface to be placed at 90° relative to the 

accelerator beam, so that the length of the rectangular target 

strip is normal to the reaction plane.

In order to renew the target material, the target holder in 

use can be removed and replaced in its original position without 

altering the alignment of the whole target assembly which can be 

accurately positioned, mechanically, relative to both, the 

accelerator beam and the polarimeter. Figure 9 shows a photograph 

of the angled target and the whole target assembly with the 

straight target in position.
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2»3.2 The Colliinstor.

The purpose of the collimator is to produce a well defined 

neutron "beam with as small a halo as possible and to provide 

primary shielding for the side neutron detectors from the neutrons 

produced at the target.

The collimator, 46 cm long, is fabricated of a mild steel 

body narrower at the front than the back, and with the end faces 

perpendicular to an axial 5 cm internal diameter longitudinal 

tube. A ring of lead, 20 cm exterior diameter and 20 cm long, is 

placed around the axial tube just after the front face. The 

purpose of this lead piece, which is close to the target, is to 

produce attenuation of the undesired neutrons by inelastic 

scattering. A second piece of lead, 5 cm thick, covering the 

whole back face of the collimator is used to reduce the gamma 

ray flux produced by neutron capture in the paraffin wax filling 

the bulls of the collimator. The axial neutron beam tube accepts 

polythene inserts to provide the collimator aperture or throat 

required.

For the present experiment, polythene inserts, 5 cm diameter, 

with a 1 cm side square axial hole were assembled so that the 

square holes in the whole assembly are well aligned. This insert 

assembly has a small square cross section throated portion in a 

position dictated by the target-scatterer geometry. The objective
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of this throated portion is to prevent the target from directly 

irradiating the aperture walls at the far end of the collimator, 

so reducing the contamination of the direct neutron beam due to 

scattering of neutrons in the aperture walls.

As mentioned earlier, the dimension of the collimated 

neutron beam at the position of the side detectors, defined by 

the collimator aperture, allows the side detectors to be positioned 

so that the minimum scattering angle is less than 2°, where the 

differential scattering cross section due to the Mott-£chwinger 

interaction is comparable with the nuclear interaction.

2.%3 The Scatterer Control System.

The lead scatterer, chosen according to the requirements 

mentioned in section 2.2.2, is placed at 11 cm from the collimator 

aperture exit with its length along the neutron beam direction. 

It is mounted on a specially designed motor controlled holder 

which enables measurements to be made with the scatterer 

accurately positioned in the neutron beam or with the scatterer 

out of the beam. To facilitate the posterior alia-mr.ent, two lines 

were inscribed along the vertical and horizontal axis on the top 

end of the scatterer facing the Bide detectors. The scatterer 

holder frame was so constructed that it can be accurately 

positioned, horizontally and vertically, relative to both the 

back face of the collimator and the collimator aperture. This 

scatterer holder and its control circuit form the Scatterer Control
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System, Figure 10 shows a photograph of the tcatterer holder and 

Figure 11 shows the circuit associated with it. In the following 

description, reference is made to these figures.

Each middle vertical bar in the scatterer holder frame has 

a push-button switch Swl, which opens the motor circuit when the 

plate holding the lead scatterer has reached the position 

selected by a double pole, double throw switch Sw2. A polarized 

single pole, double throw switch Sw$, placed at the rear of each 

middle vertical bar, ie connected to a pair of TTL NAKD gates 

across coupled as a latch to form a contact bounce eliminator, 

the output of which is connected to both a light emitting diode, 

through a resistor, and to one input of a TTL NOR gate, \vhen the 

scatterer has reached one of its two positions, the plate holding 

the scatterer depresses the corresponding switch Sw5, the output 

of the contact bounce eliminator produces a high TTL logic level 

and the respective light emitting diode indicator turns on.

In addition to this manually operated mode, the Lcatterer 

Control System can be operated in automatic mode as follows. 

The switch Sw2 is left in its central position and the switch £w4 

is closed to connect the mains to the poles of a double pole, 

double throw relay, H, connected in parallel with the switch Sw2. 

The state of the relay is controlled by the inverted output of a 

JK flip-flop. This is a two state logic element which can be set 

in either of its two states and will remain in that state providing 

a continuous output until some ether input down-going transition
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Fig.11. Circuit to control the position of the scatterer.
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is applied to change the state.

The stop/start of a Line Printer-£caler System 1^\ used in 

conjunction uith the bcatterer Control System, provides a TTL 

up-going transition which is inverted in the input sta^e of the 

ecatterer control circuit and then applied to the clock input of 

the JK flip-flop which in turn operates the relay and the 

scatterer changes position. The up-going transition is produced 

by an internal timer (range 10 to 9 x 10^ sees) at the end of the 

preset time. The timer of the Line Printer requires a TTL 

down-going transition to be started, this transition is produced 

at the output of the TTL KOR gate when the scatterer has reached 

one position, that is, when the output of one of the bounce 

eliminators goes high and the respective light emitting diode 

turns on.

The Side Neutron Detectors and Collimated Beam i/onitor 
Assemblies.

As mentioned in section 2.2.5 f a cylindrical stilbene crystal 

was selected for each side neutron detector for the present 

polarimeter. Ctilbene scintillators offer an efficient means of 

detecting fast neutrons, but have the inconvenient feature that 

they are sensitive to mechanical and thermal shock; consequently 

the present stilbene detection assembly was so designed, that it 

does not rely on the crystal to be a structural member of the 

finished detector assembly. Although at this stage a description
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of the entire side detectors arrangement is given, the actual 

mounting of the crystals was done after the photoiaultiplier and 

associated preamplifiers were tested, so reducing to a minimum 

the handling of the stilbene crystals.

The physical arrangement for the stilbene crystal and its 

incorporation with the photomultiplier are important design 

considerations* The diagram of figure 12 represents a complete 

stilbene neutron detection unit as used in the present polarimeter 

A primary factor is the efficient transfer of light from the point 

of origin in the crystal to the photocathodej to achieve this, 

a diffuse reflector coating, Q.5 mm thick, was applied to all 

the crystal surfaces except one end face which was coupled to 

the photocathode of the photomultiplier by using an optical 

contact grease.

A cylindrical aluminium can of thickness 0.5 sam, internal 

diameter 55 mm and length 95 Eim with its open end mounted in the 

central hole of a square aluminium plate, 10 cm side and 2 mm 

thick, provides mechanical protection and light tight cover for 

each crystal which is located accurately with its axis along the 

aluminium can major axis with a f C» shaped piece of perspex fixed 

on the bottom of the can. For alignment purposes again, each 

aluminium can was marked with a line along its longitudinal axis 

and two transversal lines indicating the position of the geometrica 

centre of the stilbene crystal and its end face coupled to the 

photocathode of the photomultiplier.
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Fig.12. Sketch of a stilbene neutron detector.
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The phot ©multiplier, protected by a Mumetal C' hi eld to reduce 

interference by either the Earth's magnetic field or stray 

magnetic fields from other equipment, is located with I ~ iajor 

axis along the housing tube axis by a bakelite ring. The voltage 

divider network and the preamplifier are also inside the housing 

tube. Each entire detection unit is mounted on two supports 

which can move on a track perpendicular to the colliniated neutron 

beam so that each stilbene crystal can be conveniently moved into 

the direct beam or into the beam scattered at various angles. This 

track, shown in figure 13 > was so constructed that it can be 

accurately positioned relative to the neutron beam. The distance 

between the scatterer and the centre of the track is 61 cm.

The collimated neutron beam monitor is based on a 

liquid scintillator encapsulated in a bubble free cylindrical 

cell of 5 cm length and 5 cm diameter. The liquid NE212 was 

chosen for its high efficiency for fast neutron detection and 

pulse shape discrimination properties. The collimated beam 

monitor assembly ie similar to those of the Bide neutron detectors, 

except that the preamplifier is not included in the housing tube. 

This assembly can be removed from its stand, for alignment 

purposes, and replaced accurately in its original position. The 

distance from the collimated beam monitor to the scetterer is 90 cm.

The collimated beam monitor stand and the track i'or the side 

detectors are mounted on an angle iron frame attached to the back
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of the collimator. The photograph (figure 13) shows most of the 

parts forming the present Mott-Schwinger scattering polarimeter.

2,3.5 Alignment of _ the Polarimeter.

Once the polarimeter was completed and assembled, it was 

mounted with the collimator axis at a laboratory reaction angle 

of 4-5 » this being close to the centre of a broad maximum in the

polarization angular distribution from the II (d,n)He* reaction 

The alignment of the polarimeter, repeated before every experimental 

run, is made by means of a telescope located at the rear of the 

collimated beam monitor which has been previously removed from its 

stand and replaced by a plumb line passing by the top of the 

cylindrical detector. The polythene inserts assembly and scatterer 

holder frame are also removed and a cylindrical alignment insert 

with a 3 nun diameter axial hole is fitted into each end of the 

collimator beam tube.

The telescope is focussed, in turn, on the target, on the 

entrance and exit alignment inserts of the collimator, on the 

horizontal reference lines of the aluminium cans of the side 

detectors and on the plumb line which serves to align the 

crosswires of the telescope and determine the position of the 

collimated beam monitor. Once this procedure is completed, the 

polythene insert assembly and scatterer holder frame are placed 

in position and then aligned, checking that the scatterer repeats 

its aligned position after it has been moved several times between 

its two positions.
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2,3.6 Shielding of the PQlarimeter.

Because the neutron "background was expected to be considerable, 

substantial shielding, at least $0 cm thick, consisting of paraffin 

wax and borated water contained in polythene bags inside tin cane, 

was built arou.nct the polariiaeter to reduce the neu-tron background. 

A detailed investigation of the neutron background found during 

the present measurements will be presented in chapter four.

Ta« Second Mott~Cchwiner .i

At this stage it is worthwhile emphasising the symmetry
P 2

property of the H (d,n)Ke^ reaction in the centre of mass system. 

Because the incident particle and target are identical, the 

polarisation Pn(E^tf) of neutrons emitted from the H (d,n)Her 

reaction at a centre of mass angle p is equal in magnitude and 

opposite in sign to that for centre of mass angle (TT-p)s that is, 

PjXkrftfO « -!'n(S£,Tr-(O f although the neutron energies E^, K^ of 

theee neutron beams will differ in the laboratory system.

This property can be exploited to further reduce the time of 

data collection by arranging a system consisting of two polarimetere 

mounted at centre of mass angles of (> and TT-(> respectively. Besides, 

such a system could be used to investigate the angular dependence 

of polarization in various neutron producing reactions.
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The complete present experimental set-up consists of two 

fr'ott-Schwinger scattering polarimeters mounted at laboratory 

reaction angles of 4-5° and 130° respectively. The second 

polarimeter was planned after the first one was extensively 

tested and proved to be reliable. Actually, the second polarimeter 

was constructed in the late stage of this work and was used 

simultaneously with the first polarimeter in only the last two 

measurements (those with the lowest neutron yield) reported in 

this thesis. However, a description of the second polarimeter is 

given in this section.

Originally, the geometry of the second polarimeter was 

planned to be identical to that of the first one, However, the 

distance from the target to the collimator entrance was not 20 cm, 

as in the first polarimeter, but 23 cm. This reduces by 8# the 

solid angle subtended by the scatterer at target arid therefore 

the figure of merit of the second polarimeter. The rest of the 

experimental geometry is identical to that of the first polarimeter, 

as well as the standard of construction. The collimator, polythene 

insert assembly, scatterer and scatterer control system are also 

identical to those described in the previous section.

The NE213 liquid scintillator side detectors, specially 

designed and constructed for the second polarimeter, have a cubic 

shape to maximise the scintillator volume, but each presents a 

solid angle at the scatterer similar to that presented by a 

stilbene side detector in the first polarimeter. The collimated
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beam monitor is based on NE213 liquid scintillator encapsulated 

in a bubble free cylindrical cell of 5 cm length and 5 cm 

diameter, also designed and constructed for the present experiment. 

The eide neutron detectors and collimated beam monitor assemblies 

are similar to those of the first polarimeter. Figure 14 shows a 

photograph of the second Mott-Schwinger scattering polarimeter, in 

which most of its parts are shown.

This second polarimater was also surrounded with substantial 

shielding consisting of paraffin wax. An investigation of the 

neutron background found during the measurements with this 

polarimeter will be presented in chapter four.

The complete experimental set-up consisting of the two 

&iOtt-Schwinger scattering polarimeters is shown, without shielding, 

diagramatically in figure 15.
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CHAPTER 3*



CHAPTER

THE ASSOCIATED ELECTRONIC

It is desirable that every experiment involving neutron 

detection should have some kind of discrimination against the 

inherent gamma ray background. For this reason, the choice of 

scintillators for the present experiment was governed by t\vo 

requirements, namely, high fast neutron detection efficiency and 

good pulse shape discrimination properties. Stilbene and 17L213 

liquid scintillators were chosen since they meet both requirements. 

This chapter describes the ti&o different pulse shape discrimination 

techniques employed in this work, their performance and the 

preliminary tests of the electronics set-up used with each 

technique.

3»1 Pulse Shape Discrimination in Organic Scintillators.

Pulse shape discrimination is a method which relies on the 

fact that the light pulse emitted from certain scintillatorL 

has a time dependence which is different for particles of
nc.\

different specific ionisation { ^ J . This property makes these 

organic scintillators a valuable tool for selecting neutron - 

induced recoil protons in the presence of recoil electrons from 

gamma ray interactions.
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The shape of the scintillation light pulse is generally

described as the sum of two exponential decay curves, although
76 77 ) other components are known to exist ' "' , The time constants

of the two main exponentials differ by at least one order of 

magnitude. In the case of a scintillator with pulse shape 

discrimination properties, the intensity ratio of light emitted 

in these two main components depends of the mass and charge of 

the different particle types. For organic scintillators it is 

found that the slow component of the scintillation pulse is more 

strongly excited by heavily ionising particles than by 

electrons 75*76.78, 79 t8G)^ while the decay constant of the fast

component is independent of the type of exciting particle. For 

the particular case of neutrons (i.e. by recoil protons), the 

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

component is larger than for gamma rays (i.e. by electrons), 

both for stilbene and NE213 scintillatorss.

Techniques for pulse shape discrimination in scintillators
77) described before 1%2 have been reviewed by Varga f(J and

o-j \
Owen OJ-\ More recently progress has been reviewed by mcBeth 

et el 82 ^ arid Hell8^. Usually the authors of the different 

pulse shape discrimination systems report their results in 

different ways, so that it is useful to define a figure of merit 

M8^^ in order to compare the performances of the different pulse 

shape discrimination systems. Figure 16 illustrates the 

definition of a pulse shape discrimination figure of merit, to is
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defined

where S2 - Tt is the difference between the mear peek positions, 

and AS1 and A& p are the ftohia's of the peaks for gamma rays
•«•• fcfc~

end neutrocjB. This figure of merit has been used to evaluate the 

performance of the two different pulse shape discrimination 

techniques employed in the present %'ork,

3*2 Zero Crossing?; Method of Pulse Chape Discrimination,,

85) This technique was originated by Alexander and Gouldlng ''

and there have been a large number of reports describing Bytterne 

based on the same principle. For a detailed theoretical analysis 

of this technique see the report by Roush et al '.

In this type of pulse shape discrimination in organic 

scintillators a dynode signal is integrated and then rouble 

differentiated BO as to produce a base line crossover. The time 

et which this double differentiated pulse crosses &ero f relative 

to the start of the pulse, is determined by the slow component 

of the scintillation decay and tbus by tbe ionlcation denbity of 

the charged particle absorbed in the scintillator. This time 

interval IB in principle independent of the energy of the event 

and depends only on the dynode pulee shape, «nd eo it is the 

parameter on whose value the pulce shape dincrimination is based,
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Typically, the difference in zero crossing times for protons 

and electrons interacting with an organic scintillator is of 

the order of some tens of nanoseconds.

Figure 1? shows the different pulse shapes in a zero 

crossing pulse shape discrimination system and fip-ure 18 shows 

itB general principle. The instant of the start. ._ of the pulse 

is sensed by a leading edge discriminator (LED), while the zero 

crossing discriminator (£CB) estimates the instant of the zero 

cross-over point. The time difference between the output pulses 

from these two discriminators is converted into a proportional 

voltage pulse in the time to amplitude converter (TAG). The 

amplitude of the resulting pulse thus depends upon the rise time 

of the integrated dynode signal and a discriminator can 

reject the pulses corresponding to gamma rays.

Since the leading edge discriminator has a finite 

threshold for triggering, there will be e slight dependency of 

the triggering instant on the amplitude of the pulse. However, 

this difficulty is overcome by measuring the time between the 

leading edges of the positive and negative pulse parts. Thus it 

is possible to adjust experimentally the thresholi of the zero 

crossing discriminator to give a minimum variation of the 

measured time interval with the pulse amplitude.



Dynode pulse

Integration

Single differentiation

Double differentiation

— IT
— n

T,

n

Fig.17. Dynode pulse shapes due to gamma ray and neutron events
in the zero crossing time pulse shape discrimination method.
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This zero crossing timing technique vae applied to the 

three neutron detectors forming the first polarimeter of the 

present experiment, the actual pulse shape discrimination 

circuits employed are based on a design "by Davie , Before 

describing the performance of these circuits, the preliminary 

tests of the associated electronics arc presented*

3»2.1 Preliminary Tests.

The preliminary tests described in this section were made 

before the final mounting of the stilbene crystals on the 

photomultiplier s, so reducing their handling to a minimum.

The two stilbene detectors chosen for the first polBrimeter 

employed an ElsJI type 98MB photomultiplier, whose dynode chain,
go \

given in figure 19, was constructed according to 12.11 directives ; , 

The NE212 liquid scintillator used as collimated beam detector 

was coupled to a 56 ji/p photomultiplier tube, whose dynode chain 

is given in figure 20.

The first test performed was of the linearity of the 

photoraultiplier - preamplifier systems. The conditions for linear

performance were obtained with a 2" x 2 tf l\aI(Tl) crystal coupled
22 137 onto the photomultiplier and standard gamma sources (To t Gs -",

jjn^/4' f Co ). The linear pulsee from the lost dynode v;ere fee1 to 

a suitable preamplifier kept inside the detector assembly 

container. These pulses, after amplification, v.ere analysed in a

-78-
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Fig.20, Dynode chain
photomultiplier *
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Laben 512 channels pulse height analyser. The energy calibration 

ehown in figure 21, obtained with the photomultiplier arrangement 

assigned to one of the stilbene detectors, indicates good 

linearity at the 12th dynode of the 9814B photomultiplier up to 

an anode-to-cathode voltage of l^OOv, Similar results were 

obtained with the other two photomultiplier arrangements*

The resolution of the photomultiplier arrangement was 

determined from the peak-to-valley ratio taken from the Go ° 

spectrum. A reasonably good peak-to-valley J^^G (~2) WA ~ 

obtained with the photomultJ^ > _ sent whose calibration 

curve is given in figure 21. Liiail&r ratios were obtained with 

the other two photomultiplier arrangements*

The gain stability of the phot©multipliers was also 

investigated* The time gain stability test was performed with the

2" x 2" Hal(Tl) crystal coupled onto the photomultipliers in
1^7 turnf and a Cs ' gamma source* After the photomultiplier system

warmed up, the pulse height spectra were recorded at one hour 

intervals for a period of thirteen houiv , .he mean &ain deviation 

measured \vith this procedure was less than 1% for each of the

three photomultiplier arrangements. The count rate stability test
157 was performed with the same Nal(Tl) crystal and Cs -" source,

In this test, the photornultipiier was operated, alt lively,
x

at approximately 10 and 10 counts per ana the corresponding

spectra were recorded. The gain shift due Y'.c effect was under 

for each photomultiplier
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2«2*2 Performance of the zero crossing pulse shape discrimination 

method•

In order to check the performance of the pulse shape 

discrimination circuits and the electronics associated *ith each 

stilbene crystal, a standard cylindrical 2" x 2" N1212 liquid 

scintillator was employed. The equipment associated with the 

collimated beam monitor was tested directly with its M213 liquid 

scintillator.

The electronic system associated with each scintillation 

detector is shown in figure 22, The linear pulses from the last 

dynode of the photomultiplier, after passing through the 

preamplifier, were used for both a linear amplifier and a pulse 

shape discrimination unit. The output pulses from this latter 

unit were fed simultaneously to a discriminator (P.b.B, 

discriminator) and to a Laben 512 channels pulse height analyser. 

The output pulses from the linear amplifier were fed to another 

discriminator, (linear discriminator). Both iinear and PbD 

discriminators contained variable delays up to 3 yc/eec so that 

the optimum time relation between linear and PLD pulses could be 

obtained for the coincidence circuit. The resultant coincidence 

pulses were shaped by a pulse driver to meet the characteristics 

required by the coincidence input of the multichannel pulse 

height analyser.
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241 The spectrum of the PfcD pulses, using an Am - Be source,

was displayed on the pulse height analyser being gated "by the 

coincidence pulses. The linear discriminator threshold was set
op

at the first Compton edge of a Ka spectrum obtained with a

EHT photomultiplier voltage of 1500 v. The EHT voltage was varied

until the optimum separation between neutron and gamma peaks was

obtained, readjusting then the linear discriminator threshold
22 to the 24-0 kev Compton edge of the Ha spectrum. Figure 23 shows

the apectrum obtained with the photomultiplier and electronics 

system assigned to one of the stilbene crystals.

The final step was to set the PbD discriminator threshold 

to the valley between the two peaks to reject pulses due to 

gamma rays, observing that the settings of the discriminator

delays were not inhibiting pulses due to neutrons. The former
22 condition was checked using a Na gamma source and it was

observed that the PSD spectrum did not show any gamma peak. The 

last condition was checked by comparing the number of counts 

under the neutron peak in the PLD spectra gated, respectively, 

by shaped linear pulses and coincidence pulses.

From figure 23, the figure of merit for that particular
82 

system was M = 1.33, which according to IvlcBeth et al ' gives

a theoretical gamma rejection ratio better than 750 : 1, 

assuming 10C$ neutron detection efficiency. Similar figures of 

merit were obtained for the systems of the other two 

scintillators.
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Once the linearity, stability and PLD performance of the 

system associated with each stilbene crystal were tested, the 

crystals were mounted on the photomultipli^rs and all the tests 

described were repeated, with similar results, for the three 

detectors. Finally, the possible energy dependence of the pulse 

shape discrimination systems was investigated by observing,

separately, the Pb'D spectra due to gamma rays emitted from Na^2 ,
137 S4Cs -" and Mnr\ The different PbD spectra obtained with the

different gamma sources did not show any shift nor change in 

shape in the normalised gamma peak.

3.2,3 The electronic set-up of the first polarimeter.

As mentioned "before, the first polarimeter is based on 

four detectors. Two of them are for detecting neutrons scattered 

from the lead sample and the other two are used for monitoring 

purposes; one is used to monitor neutrons coming through the 

collimator and the other one is for monitoring the neutron yield 

from the target.

The target yield monitor, conaaon to both polarimeters, was 

a slow neutron detector, insensitive to gemma rays. This detector 

was based on a NlftOO scintillator consisting of a grooved disc 

of Boron polyester, with ZnJb as scintillator, of 25 mm diameter 

end 1.2 mm active layer. This detector was coupled to a rj.-l 6097B 

and then surrounded by 10 cm of paraffin wax to moclerate fast 

neutrons.
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A simplified block diagram of the electronics set-up of 

the first polarimeter of the present work is shown in figure 24. 

The two stilbene detectors and the colligated beam monitor have 

identical circuitry. The pulses from these three detectors were 

fed to the Laben 512 channel pulse height analyser, through its 

mixer, and collected simultaneously in three of the four sections 

of the pulse height analyser memory. To get the optimum time 

relationship between the PbD pulses and the gating pulses to be 

analysed a delay of about 3 /sec was required in series with the 

input to the pulse height analyser. The pulses from the target 

yield monitor were not fed to the pulse height analyser, but to 

one of the seven sealers forming part of the Line - printer 

System mentioned in section 2.3»^ and extensively described in 

reference 19*

The coincidence pulses from the stilbene detectors and 

collimated beam monitor were also fed to sealers in the Line — 

Printer System, which controlled the "stop start1 ' of the sealers 

and printed the numbers registered in the sealers at the end of 

the present time. Thus it was possible to check at any time the 

PSD spectra in the pulse height analyser without altering the 

preset running time. The coincidence pulses from the collimated 

beam monitor were also fed to a ratemeter to provide a continuous 

sampling mode to help in the setting up and readjusting of the 

accelerator.

-68-



'R
ig

ht
1 
de
te
ct
or

'L
ef
t*
 
de
te
ct
or

Co
ll
ir
ca
te
d 

be
am
 

ir
.o

ni
to

r

Ta
rg
et
 
yi
el
d 

mo
ni
to
r

L
I
N
E
 
- 

P
R
I
N
T
E
R

SC
AL
 

- 
se

al
er

DE
L 

- 
de

la
y

R/
M 

- 
ra
te
me
te
r

Pi
g.

24
. 

Th
e 

el
ec
tr
on
ic
 
sy

st
em

 
as
so
ci
at
ed
 
wi
th
 
th

e 
fi

rs
t 

po
la
ri
me
te
r.



Some of the electronic units used in the present work, in 

both polarimeters, are based on Davie f s designs. These units 

proved throughout the experiment to be reliable. A description 

of the various units used and of the different tests performed 

on them can be found in Bavie's thesis &?'.

$•5 Owen method of pulse shape discrimination.

89} Owen " developed the first pulse shape discrimination

method for use with organic scintillators. This method was later 

modified by Batchelor et al ^' and so it is commonly referred 

to as the Owen - Batchelor method. The principle of this 

technique is based on the fact that in organic scintillators f the 

ratio of the slow component of the light output to the total 

light output is different for protons and electrons.

In this technique, the anode of the photomultiplier is 

maintained only a few volts positive with respect to the last 

dynode, on which a pulse, hereafter called the saturated pulse, 

is developed. The arx^ival of the photomultiplier current pulse 

at the last dynode produces a space charge saturation condition 

in the region between this dynode and the anode. During the 

initial fast component of a pulse, due to an exciting electron, 

a limitation on the current passing from the lest dynode to 

anode occurs due to space charge saturation iffcct, and so a 

large proportion of the multiplied charge cannot leave the last

-90-



dynode, which is driven to a negative potential. Later, during 

the lower intensity part of the slow component, the electron 

current arriving at the last dynode is small and the current to 

the anode is no longer saturated, so that the last dynode has 

only a small positive swing due to the loss of its secondary 

electrons, in the case of a pulse due to an exciting protda, 

the much less intense fast component doet not drive the last 

dynode so far to the space charge saturation point and ab a 

result a large positive swing due to the secondary electron 

emission is produced.

The pulse shapes at the last dynode corresponding to the two 

cases discussed above are illustrated in figure 25> where it is 

clear that a discriminator threshold set on this positive part 

of the last dynode signal permits a distinction to be made 

between the pulses due to neutrons (i.e. recoil protons) and 

gamma rays (i.e. recoil electrons).

Pulse shape discrimination based on the Owen technique was 

applied to the three neutron detectors forming the second 

polarimeter of the present experiment, -fhe preliminary tests 

performed on the electronics associated with each neutron 

detector are presented below before describing the performance 

of the pulse shape discrimination system.
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Fig.25. Last dynode pulse shapes due to gamma ray and neutron 
events in the Owen pulse shape discrimination method.
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Preliminary tests*

The three NE213 liquid scintillators, constructed specially 

for the second polar imeter, employed WI 6097B photomultipliers 

and the dynode chain used is shown in figure 26.

The linearity of the photomultiplier - preamplifier 

arrangements was tested in a similar ,:> v.r; that described in 

section 3»2.1. For this purposes, the pulses from the second last 

dynode, hereafter called linear p ^ s f \\ere fed to a preamplifier 

kept inside the d etector assembly container. These pulses, after 

passing through the amplifier t were analysed IB aben ^12 

channels pulse height analyser. The energy calibration curve 

(Fig. 27) obtained v.ith the photomu • ' " lier arrangement assigned 

to one of the side detectors iridi< * ood linearity at the 

10th dynode of the photomultiplier up to an anode-to-cathode 

voltage of 1100 v. Limilar results were obtained with the other 

two photomultiplier arrangements.

The gain stability test of the three photomultiplier 

arrangements was performed <^z described in section 3*2.1. A mean 

gain deviation lesfc than 1# was obtained, in each case, from the 

time gain stability test, similarly, the gain shift due to count 

rate effect was less than 1£ for each photomultiplier arrangement.
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Performance of the Owen pulse shape discrimination method,

The tests on the performance of the prise shape discrimination 

systems were made with the final liquid scintillators mounted on 

their respective photomultiplier assemblies, so that -fee 

performance of each liquid scintillator, in itself, could be 

investigated,

The procedure of these tests was similar to that described 

in section 5*2,2, The electronic system associated with each 

liquid scintillator detector is represented in figure 28. Two 

outputs, linear and saturated, %ere taken from the dynode chain 

and coupled to their respective preamplifiers kept inside the 

photomultiplier assembly container. These preamplifier pulses, 

after amplification, v-ere fed to the linear ;;nd saturated 

discriminators respectively. These discriminators, a*- mentioned 

before, contained variable delays up to 3 //sec so that the 

optimum time relation between linear and saturated pulses could 

be obtained for the coincidence circuit. The coincidence pulses 

v/ere shaped to meet the requirements of the coincidence input 

of the pulse height analyser,

The spectrum of the saturated pulses, using a Cf ^ neutron 

source, was displayed on the pulse hei£jit analyser gated by the

shaped coincidence pulses. The linear discriminator threshold
22 was previously set at the first Compton edge of a Ka linear

spectrum obtained with a photomultiplier voltage (IliT) of IGbO v,
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This EHT voltage was varied until the optimum separation between 

gamma and neutron peaks was obtained, readjusting; then the

linear discriminator threshold to the 340 kev Conipton edge of a
DO 

linear Na spectrum. Figure 29 shows the spectrum obtained with

the photomultiplier and electronic system assigned to one of the 

side detectors. Finally, the saturated discriminator threshold 

was set to tile valley between gamma and neutron peaks, observing 

that the relative delays on the discriminator were not inhibiting 

pulses due to neutrons. These two last conditions were checked 

as described in section 3.2.2.

From fig. 29» the measured figure of merit for that 

particular system was M = 1.30, which represents a theoretical 

gamma rejection ratio better than 750 : 1. The other two systems 

produced a similar figure of merit.

Here, too, the possible energy dependence of the pulse 

shape discrimination systems was investigated in a similar manner 

as that described in section 3.2.2. The results of these tests 

indicated that the three pulse shape discrimination systems 

based on the Owen technique were not energy dependent in the 

energy region investigated.
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3.3.3 The electronic set-up of the second polarimeter.

The block diagram in figure 30, which is self explanatory, 
shows the associated electronic equipment used with the second 
polarimeter of the present work. The setting up and checking of 
the electronics were made with the Laben 512 channels pulse 
height analyser used for the first polarimeter. Each sealer, 
coupled to the output of each coincidence circuit, belonged to 
the Line-Printer System, which controlled the stop start of the 
sealers and printed the numbers registered in them at the end 
of the preset running time.
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CHAPTER 4.



CHAPTER 4.

DTTORMIKATION OF THE KlflJTUON BACKGROUND 

AND THE EXPERIMENTAL PROCEDURE.

Small angle scattering systems:, used in the determination of 

the polarization of fast neutrons require the side detectors to 

be placed close to the fine neutron beam arid have, therefore, a 

severe neutron background. The nearest position of the side 

detectors to the collimated neutron beam axis is determined by 

the neutron beam profile, which also defines the effectiveness 

of the geometrical shielding of the collimator. This chapter 

describes the beam profile measurements performed on both 

polarimeters, a detailed investigation of the neutron background 

found during the actual experiment and some preliminary 

polarization measurements on neutrons from the ST (d f n)He^ reaction,

^•1 Measurement of the bean profile. 

4,1.1 Horizontal beam profile.

A description of the beam profile measurements performed on 

the first polarimeter is given in this section. A similar 

procedure was followed for the second polarimeter.
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Before proceeding with the beam profile measurements, the 

alignment of the polarimeter was checked as described in section 

2*3«5« During this alignment the centre of each stilbene crystal, 

indicated by the crossed lines inscribed on each aluminium can, 

was aligned with the collimator axis and the corresponding 

position of the support of the detector in turn, relative to the 

track, was recorded,

The experimental arrangement for the determination of the 

horizontal beam profile was the same as that for the detection 

of scattered neutrons, but the lead sample was out of the beam. 

At this stage the electronic system associated with each 

detector of the polarimeter was checked as described in chapter 3 

and a final check on PSD settings was made using the neutron 

beam from the fi (d,n)He^ reaction.

The beam profile was measured, twice, by scanning the beam 

by each of the two stilbene detectors in turn. This Lieaaurement 

was made by moving the stilbene detector in 2,5 KM steps across 

the beam, while the other was placed at a distance of 12 cm from 

the centre of the beam in order to avoid scattering from it into 

the detector scanning the beam. The time for each measurement 

was 2^6 sec at the end of which the readings of the sealers for 

the target yield monitor end stilbene detector measuring the 

beam were recorded. The number of counts recorded in the sealer 

for this stilbene detector were normalised with respect to the 

number of counts registered by tne target yield monitor. The
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normalised relative counting rate as a function of the detector 

distance from the centre of the beam is plotted in figure 31 for 

the two stilbene detectors.

The beam profile obtained with the right detector shows a 

lower slope on the right hand side of the curve due to neutrons 

scattered into the etilbene crystal from the phot©multiplier 

and material in the detector assembly when they intercept the 

direct neutron beam. This is also shown in the other side of the 

beam profile obtained with the left detector, excluding this 

effect| the good agreement of the t&o curves proved that the 

polarimeter was horizontally well aligned as required for the 

experiment. The position on the track of each stilbene detector 

in which the counting rate was a maximum was compared with the 

position of the same detector recorded when the centre of the 

stilbene crystal was optically aligned with the colliraator axis. 

A difference of no more than 1 mm was found fcatween these two 

positions for each stilbene detector.

Due to tile length of the stilbene crystal, 3.5 cm f and to 

the finite size of the beam, the curves given in fig. 31 do not 

represent the real dimension of the besm at the side detectors 

position. In order to obtain the real dimension of the beam the 

length of the stilbene crystal was subtracted from the total 

width of the curve. Figure 32 clarifies this argument; B 

represents the beam profile at the side detectors position and 

S represents the stilbene crybtal moving from left to right.
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In position (1) the counting r^te is due only to background; in 

position (2) f when the stilbene crystal and beam just touch, the 

counting rate starts to increase linearly according to the 

overlapped areas of beam and crystal up to position 0) where the 

maximum counting rate occurs. As the movement of the crystal 

continues the counting rate decreases, passing by position (4) 

where crystal and beam just touch and the counting rate is near 

to background position (5). From position (2) to position (4) the 

crystal was moved, a distance equal to the sura of the bean). 

dimension and detector length. Therefore, it was concluded that 

the beam dimension at the side detectors position was p.l cm. 

A half of this width determined the closest position of the 

stilbene crystal to the beam axis.

Thus, the spread in the neutron beam at the side detectors 

position was - 15«5 raia, which corresponds to an angle of 1.4-6 

measured from the po£ition of the scattering sample. The position 

of both side detectors for the experiment was chosen so as to 

have a minimum scattering angle of 1.8° which corresponds to a 

distance of 20 mm between the beam axis and the nearest point of 

each stilbene crystal to the beam axis.

An evaluation of the effectiveness of the shielding 

employed was made by taking the ratio of the counting rate at

the position corresponding to 1.8° (i»e. background) to the
— 

counting rate at the beam cesitre (peak). This ratio was 1.6 x 10

for both side detectors.
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As mentioned before, the second polarimeter was constructed 

in the late part of the present work, however, a brief description 

of the beam profile measurements performed on this polarimeter is 

given here. A similar procedure to that described above was 

followed. Preliminary beam profile measurements performed on this

polarimeter produced a ratio of the background to peak counting
—*> 

rates of 3.9 x 10 *% indicating that the shielding surrounding

the polarimeter was rather poor. Further investigation on this 

neutron background problem indicated that the shielding at the 

side of the collimator near to the accelerator line was weak. 

The shielding in general was improved giving special attention 

to that particular region. Beam profile measurements made after

the shielding was improved gave a ratio of background to peak
«.^ 

counting rates of 2 x 10 , indicating that alt&ough the neutron

background was higher than that found in the first polarimeter, 

it wa# still reasonable. The beam profile curves obtained with 

the two NE213 liquid detectors are shown in figure 33. These 

curves, too, present a lack of symmetry due to the effect 

described above.

From fig. 33 the dimension of the beam, after correction 

for the finite dimension of the NE213 liquid scintillator, turned 

out to be 29.4 mm. Hence, the spread in the neutron beam was 

£ 14.7 rom, which corresponds to an angle of 1.39° measured from 

the position of the scattering sample. The small difference in 

the beam dimension for the two polarimeters was due to the 

different distances between target and collimator in the two systems
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The position of both side detectors for the experiment was 

chosen so as to match the corresponding geometry of the first 

polarimeter, that is, to have the same angular interval of 

scattering angles. Thus, a minimum scattering angle of 1.8° was 

also chosen for the second polarimeter.

4.1.2 Vertical "beam profile•

In order to have a better knowledge of the beam behaviour, 

the vertical beam profile for the first polarimeter was also 

measured. The experimental arrangement used for this purpose 

was based on a 3 min x 20 mm x 30 mm stilbene crystal with a 

20 mm x 30 mm face in optical contact with the photocathode of a 

56 AVP photomultiplier and the other faces of the crystal coated 

with titanium dioxide paint as diffuse reflector. An aluminium 

can of 0.5 na& thickness provided mechanical protection and a 

light ti^it cover for the crystal, which was accurately located 

on the photocathode of the photomultiplier by means of a piece 

of perspex fixed in the bottom of the can. For alignment 

purposes a line indicating the longitudinal axis of the 

photomultiplier and the longest axis of the crystal was inscribed 

on the aluminium can.

The entire detection unit including stilbene crystal, 

photomultiplier and voltage divider was encased in a detector 

assembly similar to that described in section 2,3»4, This 

detector assembly could move on accurately machined rails with a
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screw drive to set the position of the stilbene crystal relative 

to the beam axis*

The rails were mounted vertically at the rear of the 

polarimeter so as to have a distance of 153 cm between the exit 

of the collimator and the stilbene detector assembly. For this 

operation the collimated beam monitor was removed from its stand 

and the rails were accurately aligned relative to the coliiiaator 

axis by means of a telescope* This alignment was checked by 

observing that the reference line inscribed on the aluminium 

can containing the stilbene crystal remained aligned with the 

vertical collimator axis along its travel. Figure 24 shows a 

photograph of the experimental arrangement used for the vertical 

beam profLle measurements.

Gamma ray discrimination based on the Owen technique was 

applied to this detector and the final check on the pulse shape 

discrimination settings was made using the neutron beam.

The vertical beam profile measured at a distance of 152 cm 

from the exit of the collimator is represented in figure 25• The 

spread in the neutron beam and the full width at half maximum 

(FWHM), as measured from the beam profile curve, were - 27 ma 

and 46 mm respectively. Such a spread in the neutron beam 

corresponded to an angle of 1.49° measured from the position of 

the scattering sample which is in very good agreement with the
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Fig,34. Photograph of the experimental arrangement used to measure 
the vertical beam profile in the first polarimeter.
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Fig. 35. The vertical beam profile in the first polarimeter.



angle of 1.46° obtained from the horizontal beam profile. The 

FWHM corresponded to an angular divergence of the neutron beam 

of * 0.45° which agrees with the solid angle defined by the exit 

of the collimator.

Thus, it was concluded that the optical alignment as 

carried out on the first polarimeter was reliable and that it 

would satisfy the requirement? of the experiment* Hence, a 

similar alignment procedure was followed, in the second polarimeter 

and there was no need to measure the vertical beam profile in 

this second polarimeter.

4.2 Determination of the neutron background.

As mentioned before, the neutron polarisation in Mott - 

Schwinger systems can be calculated directly from the experimental 

total cross section and differential cross section values, which, 

in turn, depend on the precise determination of the neutron 

background. For this reason, a detailed investigation was carried 

out in order to measure the neutron background found in the first 

polarimeter during the actual experiment and draw from there a 

procedure to follow in this and in the second polarimeter.

For this investigation, the polarimeter was usually prepared
2

so as to measure the polarization of neutrons from the H 

reaction. Most of the tests v»ere made for $40 kev deuterons 

incident on a thick Ti - D target, but different incident energies
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below 500 kev were also employed. It was observed that the 

results of the tests reported here are generally applicable in 

the deuteron energy range of interest.

Because the origin of the neutron background at this stage 

was still uncertain, the measurements made involved equal 

counting times, usually 2000 sec., with the following conditions!

i) background sample 

ii) scattering sample 

iii) without any sample

The background sample was a lead sample with the same 

thickness (i.e. transmission) as the scatterer sample and which 

could be placed in and removed from the entrance of the collimator 

The central idea of the use of this background sample is that 

because the possibility of an appreciable background contribution 

due to neutron scattering from the walls of the collimator and 

the air between the collimator exit and the side detectors, a 

determination of the counting rate with the scatterer sample 

removed could not give a true neutron background measurement. 

However, with the scatterii^ sample removed and the background 

sample placed in the entrance of the collimator, the neutron flux 

incident on the air column between the collimator exit and the 

side detectors was subject to about the same attenuation as when 

the background sample was removed and the scattering sample put 

into place.
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The three different measurements (i), (ii) and (iii) were 

usually repeated, sequentially, for a period of 40 hours, at the 

end of which an intercalibration of the detection efficiencies 

of the collimated beam monitor and the stilbene side detectors 

was made by placing each side detector in turn in the direct 

beam and removing it when the corresponding measurement for the 

collimated beam monitor was to be made* These intercalibration 

measurements, each of 200 Bee* duration, were repeoted until ten 

measurements with each of the three different detectors were 

completed.

At the end of each run with one of the three different 

conditions (i) f (ii) or (iii), the number of counts registered 

in each sealer were printed out by the Line - Printer. The 

readings corresponding to the side detectors were normalised 

with respect to the collimated beam monitor, since it provided 

a true measure of the neutron flux passing through the collimator. 

Normalisation with respect to the target yield could not give 

accurate measurements because it monitored the flux from the 

target irrespective of the neutron flux passing through the 

collimator. In the case of the efficiency intercalibration 

Measurements f the collimated beam monitor could riot be used for 

normalisation because the flux incicent on it was altered by the 

detector placed in the direct beam. Turing the experiment and 
the intercalibration measurements the PSD spectra were checked 

several times in the multichannel pulfce height analyser.
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The measurements gave, throughout the tests, a transmission 

of about 50$ for both baikground and scattering samples. Typical 

ratios of the counting rates in the side detectors for condition 

(iii) to those for conditions (i) and (ii) were ^1 and ^0.7 

respectively. The former ratio could possibly indicate that 

the background contribution due to neutron scattering by air, 

mainly in the region near the side detectors, was not appreciable, 

or that the decrease in counting rate in the side detectors due 

to the reduction of the neutron flux incident on the air column 

between the collimator «xit and the side detectors was offset 

by neutron scattering in the background sample giving a diffuse 

beam into the collimator. At this stage it was decided %hat further 

tests should be made in order to determine the origin of the 

neutron background.

One of these tests consisted in the determination of the 

possible background contribution due to neutron scattering fi-om 

one side detector into another. This test was made keeping one 

side detector in its experimental position, while the other was 

placed, alternately, in its experimental position and at a 

distance of 12 cm from the centre of the beam* The ratio of the 

normalised counting rates from the first detector for the two 

different conditions indicated that the background contribution 

due to this effect was negligible. Similarly, the possible 

neutron backscattering from the collimated beam monitor assembly 

into the stilbene side detectors turned out to be sufficiently 

email*
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In order to determine the room-scsttered neutron background, 

the polythene insert assembly was removed and the collimator was 

blocked with blank polythene inserts. The side detectors were 

placed in their experimental position. With this arrangement, 

several runs, each of 2000 Bee duration were made. The readings 

in the sealers corresponding to the collimated beam monitor and 

stilbene side detectors were normalised with respect to the target 

yield monitor readings. From this test, it was found that the 

room-scattered neutron background was approximately *??% of the 

total background measured vdth condition (iii). Thus it was 

concluded that the combined effect of neutron scattering in the 

collimator walls, from the air near the detectors and from the 

materials forming and surrounding the polarimeter was responsible 

for the remaining 27% of the total background.

An experimental comparison of the straight square collimator 

used in the present work and a double-truncated conical 

collimator was made in order to estimate the background 

contribution due to scattering in the walls of the straight square 

collimator. The double-truncated conical collimator, specially 

constructed for this test, consisted of a series of polythene 

inserts having a combined length of 46 cm. The taper angle on the 

cone nearest to the target was chosen so that the scattering 

sample did not view any of its surface; the taper angle on the 

cone nearest to the scattering sample was chosen so that the target 

did not bombard this part of the collimator. These taper angles 

were 5° and 2° respectively. The diameter at the throat position 

was 5
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The first test performed on both collimatore consisted in 

comparing the beam profiles obtained in similar conditions with 

the straight square and the double-truncated conical collimator, 

respectively. For this, the position of the throat was adjusted 

until the spread of the neutron beam f corresponding to the 

tapered collimator, was similar to that of the straight collimator. 

Figure 36 shows the beam profiles obtained with one stilbene side 

detector under similar accelerator conditions. In this figure, 

the symbols D and o represent the beam profile corresponding to 

the straight square and tapered conical collimators respectively.

As can be seen from the curves, the background in the 

vicinity of the beam turned out to be essentially the same in

both measurements. The background to peak ratio for the straight
—^ —3 collimator was 1.6 x 10 ^ and 2.1 x 10 ^ for the tap*ae*d conical

collimator. The ratio of these two figures gave just a 3$ 

difference with respect to the ratio of the corresponding solid 

angles. Thus, it was concluded that the performance of the straight 

square collimator was comparable to that of the double-truncated 

conical collimator and that the calculations of beam contaminations 

made for tapered collimators can be applied to the particular

straight square collimator employed in this work. This conclusion
91) is supported by the analysis of Simon and Clifford ' in which

they have shown that the wall scattered neutron flux in a straight 

long duct is small compared with the direct neutron flux 

travelling dir4tetly in air from one end of the duct to the other.
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and a double-truncated conical collimator (o).
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Op }
Applying the analysis of Glasgow et al y J for a cylindrical 

collimator to the present straight square collimator, it was

estimated that the ratio R of single scattered neutron flux fromc
the collimator walls to the direct neutron flux at the stilbene 

side detectors position on the axis of the beam had a value of 

RC « 0.00024. Because of the proximity of the stilbene side 

detectors to the direct beam, it was possible to assume that the 

scattered flux from the collimator walls reaching the side

detectors was approximately E . With this value and the beamc
profiles of figure 31 » the background contribution due to this 

effect was about 15% of the total background.

An estimate of the background contribution due to neutron

scattering by air along the path of the collimated beam was made
95") applying the analysis of Langsdorf '^ . According to this

analysis, the ratio R of single scattered to primary flux at aa
point on the axis of the beam at a distance x from the target is

R s (x/2A)OT-Cl/, where -D_ is the solid angle defined by the far a
end of the collimator aperture and X is the length of a mean free 

path of neutrons in the air. The beam radius r outside the 

collimator at the distance x is r ^ x(-*Viry% These parameters 

evaluated for the present experimental geometry at the side 

detectors position were RQ = 0.00015 and r = 1.2 cm, respectively. 

Since the air scattered neutron flux throughout the area of the 

beam is nearly constant at its central value and because the side 

detectors are placed very near to the collimated beam, it was 

possible to assume that the scattered neutron flux reaching the
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Bide detectors was nearly RS. With this value and the beam profiles 

of figure 31, the background contribution due to air scattering 

along the path of the collimated beam was about 1C$ of the total 

background. The beam radius r a 1.2 cm, calculated assuming that 

only air scattering is present, was in agreement with the value 

r s 1.53 cm determined experimentally from the beam profile 

measurements.

It should be emphasized at this time that the calculated 

background contributions due to neutron scattering from the 

collimator walls and by air along the beam path were not considered 

as a precise but as a rough estimate of the effects. However, it 

was possible to draw an important conclusion from this estimate.

As mentioned earlier, the background sample placed at the 

entrance of the collimator could reduce the neutron flux incident 

on the air column between the collimator exit and the stilbene 

side detectors to about the same level as when the scattering 

sample was in position, but at the same time it reduced the neutron 

flux incident on the collimator walls, so reducing the background 

caused by neutron scattering from the collimator walls, bince the 

background due to air scattering was not considerable and because 

the reduction in the background counting rate in the side detectors 

when the background sample was in position was not observed, it 

was concluded that the use of the background sample was not 

essential, and, therefore, that the background measured with 

condition (iii) represented the true background.
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Since the second polarimeter was constructed with the same 

design as the first one, it was not considered necessary to repeat 

all the tests described above but only the background measurements 

required for correction of total and differential cross sections, 

i.e., room-scattered neutron and total background. These 

measurements, made during the actual experiment, are presented in 

the next chapter. However, to complete this section it is enough 

to say that the room-scattered neutron background found in the 

second polarimeter amounted to ~ 80# of the total background, 

which indicated that its shielding was not as good as that of the 

first polarimeter.

Finally, it was concluded that the neutron background found 

in both polarimeters, though appreciable, could be tolerated and 

it did not interfere considerably with the primary objective of 

the experiment.

4.3 Preliminary neutron polarization measurements.

This chapter is concluded with the description of several 

other tests performed on the first polarimeter, including some 

preliminary polarization measurements on neutrons from the

reaction for 340 keV deuterons incident on a thick 

Ti-D target.
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As a final and conclusive test concerning the performance 

of the first polarimeter in general and the straight square 

collimator in particular, the polarirueter was used to measure 

the polarization of neutrons from the reaction and with the 

conditions mentioned above* These results were compared, 

respectively, with published values and with the experimental 

values obtained with the same polarimeter under the same 

accelerator conditions but using the double-truncated conical 

collimator.

These preliminary polarization measurements, as well as 

the rest of the measurements carried out with both polarimeters, 

were made following the procedure described here* After the 

alignment and the associated electronics of the polarimeter were 

checked, a number of runs, each of 2000 sec duration, were taken 

with the scattering sample alternately in and out of the beam* 

At frequent intervals an intercalibration of detection efficiencies 

of the collimated beam monitor and the stilbene side detectors 

was made by placing each detector in turn in the direct beam* 

Just before the end of the booked running time, two runs, each 

of 2000 sec duration, were made with the collimator blocked, BO 

that the general room-scattered neutron background could be 

determined for correction purposes*

Following this procedure, the polarization of the neutrons 

from the reaction and With the conditions described above, 

measured with the first polarimeter with the straight square
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collimator was p »-(16.1 *• 2.7 )$> in a time of 20 hours. In these 

measurements, the scattering to background ratio was 0»4, the 

room-scattered neutron background was 72% of the total background 

end the average counting rate in the collimated beam monitor with 

the sample out was 26? c/sec. Although this polarization value 

had a poor Btatistical accuracy, it indicated good agreement with 

the value Pn = -(15«2 - 0.9)£ obtained in a time of 55 hours with
.

e He scattering polarimeter based on a gas scintillator 

However, at this stage the main concern of these preliminary 

tests was not to attain a good statistical accuracy but to 

evaluate the general performance of the polarimeter. Thus, from 

here it was concluded that the first polarimeter was working 

reliably.

After this test, the straight square collimator was replaced 

by the double-truncated conical collimator and the throat position 

was adjusted so as to have the same spread in the neutron beam 

et the side detectors position, with this arrangement and with 

similar accelerator conditions a polarization value of Pn=-(15«Cfe. 

was obtained In a time of 24.5 hours. In this case, the scattering 

to background ratio was 0.41, the room-scattered neutron 

background was 72% of the total background and the average counting 

rate in the collimated beam monitor with the sample out was 

217 c/sec. Comparing this polarization value with that obtained 

with the straight square collimator, it was observed that the 

difference in the standard trrors corresponded to the difference 

in running time and neutron flux passing through the collimator.
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Thus, it was concluded that the performance of the straight square 

collimator was comparable with that offered by the double-truncated 

conical collimator and had at the same time the advantage of 

larger solid angle, so accepting a larger neutron flux through it 

and therefore reducing the time of data collection.

The last test performed on the first polarimeter with the 

straight square collimator in place, consisted in measuring the 

polarization of the neutrons from the IT(d,n)He^ reaction for 

340 keV deuterons incident on a thick Ti-D target, with both side 

detectors placed, alternately, at symmetrical minimum scattering 

angles of 1»8° and 3°. With the first condition, a polarisation 

value of Pn s -(14.7 £ 2.5)^ was obtained in a running time of 

22 hours. In the second case, the corresponding polarization value 

was P s -(15*0 * 3«7)^« The comparison between these two values 

indicated that the measured polarization is independent of the 

angle of measurement, as expected from &chwinger f s theory. The 

rate of data collection attained with the side detectors placed 

at a minimum scattering angle of 1.8° turned out to be 2.2 times 

larger than that corresponding to a minimum scattering angle of 

3° t so proving that Bchwinger scattering process increases 

rapidly with diminishing angle.

For the purpose °* tne tests, "^e polarization values were 

quoted without any comment concerning the treatment of the 

experimental data, however, a complete description of such 

treatment is given in the next chapter.
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CHAPTER 3



CHAPTER 5

TREATMENT OF THE EXPERIMENTAL DATA> 

RlSSULTb AKD COKG£U&IOMb.

As already mentioned, the main objective of the present 
work was to develop an efficient Mott-Schwinger fast neutron

Q Xpolarimeter and assess its performance with the H (d fn)He> 
reaction for deuteron energies below 500 keV. The actual 
experimental measurements carried out with the first polarimeter 
involved incident deuteron energies of 340, 400 and 500 keV 
using thin targets and a measurement for jHO keV deuteron 
incident on a thick target. The second polarimeter was used in 
combination with the first one to measure the Ji (d f n)He^ 
polarization for incident deuteron energies of 150 and 250 keV 
using thin targets.

As pointed out in section 1,7t accurate total and 
differential cross sections are needed for reliable calculation 
of neutron polarization in a llott-Schwinger scattering 
polarimeter. Since the present experimental geometry involved a 
comparatively large scattering sample and a rather large spread 
in scattering angles, the measured finite geometry total and 
differential cafoss sections had to be corrected before they 
could be compared with nuclear theory.
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The present chapter describes the different corrections 

applied to the experimental total and differential cross section 
data t and a comparison of the corrected cross sections with 
published data. The polarization measurements on neutrons from 

the IT(d tn)He^ reaction at different deuteron energies "below 
500 keV are also presented and compared with those obtained with

/L

a typical He polarimeter and the new technique based on a
helium filled proportional chamber % Finally, the chapter 
concludes with the comparison of the efficiency of data
collection attainable with the present system and with a typical

4- 
He scattering polarimeter f and some suggestions to improve
further the present system.

Determination of the Total Cross Section.

The total cross section of lead for neutrons from the 
H (d,n)He* reaction for different incident deuteron energies 
below 500 keV were measured by the conventional transmission 
technique. Prom the transmission T of the lead sample, the total 
cross section <TT was determined from the expression:

T = = exp(-(TT nt) (5.1.1)

where I and I represent, respectively, the flux at the 
collimated beam monitor with the lead scattering sample in and 
out of the neutron beam; n is the number of nuclei per cnr in
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the sample and t is its thickness. The measured transmission T 

was corrected, when required, for neutron background and single 

and double inscattering effects, which represent the principal 

corrections. These corrections are described in the following 

sections,

5»1.1 Neutron background correction.

This correction had to be applied to the measured 

transmission since some of the neutrons detected with the 

collimated beam monitor, both with lead sample in and out, 

generally did not come directly from the target but from 

scattering into that detector from the floor, walls and materials 

forming and surrounding the polarimeter, that is, room-scattered 

neutrons. The procedure to determine the room-scattered neutron 

background consisted, as described in chapter 4, in blocking the 

collimator with blank polythene inserts and recording the number 

of counts registered by the collimated beam monitor during a 

time equal to that taken by each measurement with or without 

scattering sample. The transmisBion corrected for room-scattered 

neutron background is given by:

B

where I is the number of counts in the collimated beam monitor
B
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obtained with the collimator blocked and I/I 0 is the measured 

transmission. In all the measurements carried out with both 

polarimeters it was found that the counting rate due to room- 

scattered neutron background was always less than 0*2% of the 

counting rate obtained with the sample out of the beam, Vvith 

this figure, the measured transmission was approximately 

1*003 times the transmission corrected for room-scattered 

neutron background*

5,1.2 Inscattering correction.

Because 0f the finite size of the present transmission 

geometry, it was necessary to include a correction for neutrons 

scattered forward in the sample and counted by the collimated 

beam monitor as if no interaction had occurred, AS pointed out 

in chapter 2, this inscattering correction was minimized by 

using a scattering sample just large enough to overlap 

completely the neutron beam,

Due to this inscsttering effect, the neasurea transmission 

of the scattering sample after background correction vas 

considered equal to

T= To + T, -f T2

where T 0 is the true transmission of unscattered neutrons, T> is 

the ratio of counting rate of neutrons singly scattered by the 

sample reaching the detector to the counting rate without sample,
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T 2 is a similar ratio of counting rate of neutrons doubly 

scattered in the sample into the detector.

Following a similar procedure to that given in reference 95, 

the expression derived for T, was j

T - IL ^

2 where (A/Li) is the solid angle subtended by the scatterer at

the target, L and LI are the target-detector and sample-detector 

distances, respectively; 0^(0°) is the differential elastic 

scattering cross section for forward scattering, and crT is the 

measured total cross section.

For correction purposes, the elastic differential 

scattering cross section 6^(0°) was evaluated using the result 

of the diffraction theory based on a continuum model developed 

by Feld et al ^\ According to this theory, tf^(o°) is given by *

\4 
r~ (5.1.5)

where k is the wave number of the incident neutron and R is the 

radius of the bombarded nucleus.

The term T» for single inscattering evaluated for the present 

experimental geometry for 3 MeV neutrons turned out to be about



1*001 times the corrected transmission. Since the correction for 

single inscattering is larger than that for double inscattering, 

this latter correction was not estimated.

Taking into account the corrections to the transmission due 

to room-scattered neutron background and single inscattering, the 

measured total cross section had an apparent decrease no greater 

than 0,7$ from its true value. Other sources of error were those 

associated with the determination of the number of nuclei per 

cnr in the sample (n), the thickness of the sample (t) f and the 

counting statistics. The errors associated with these quantities 

were estimated to be - 0.1%, *• 0.05?: and - 0,03$, respectively. 

These errors combined with those associated with the transmission, 

produced a total error of about - 0.8^1 to the total cross section 

values,

5,1,3 Total Cross Section Values.

The total cross section values obtained with both 

polarimeters for the different experimental conditions are given 

in table 5,1, The first column indicates the incident deuteron 

energies, the next column indicates the type of target employed 

and it* thickness, while column three contains the mean deuteron 

energies. The neutron energies are contained in column four, 

and the measured total cross section values are contained in 

column five. Published'^ total cross sections of lead at the
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same neutron energies are listed in the final column of the 

table*

The total cross section values listed, in column five were 

calculated using the accumulated readings of the collimated beam 

monitor obtained, respectively, with the scattering sample in 

and out of the neutron beam and normalised to the target yield 

monitor readings. The errors associated with the present total 

cross sections represent the total error calculated as described 

in the previous section, and which can be taken as the upper 

limit of the total probable error. From table 5.1, it can be seen 

that the present total cross sections are in excellent agreement 

with those of reference 74.

5«2 Determination of the Differential Elastic Scattering 

Cross Section.

As described in section 2.2.5, the dimensions of the side 

detectors in both polarimeters were chosen so as to collect all 

the polarization information in the angular interval from 1.8° 

to 5«5° in one measurement. This angular interval, measured in 

the reaction plane containing the neutron beam axis and the 

centroids of the two detectors, was determined by the nearest 

and farthest points of the side detector to the beam axis.



The differential elastic scattering cross section, (T(e)t for 

scattering into unit solid angle at scattering angle e, was 

calculated for each side detector, separately, from the 

equation 97' s

2 where F s is the scattered neutron flux (neutrons/cnTsec)

appropriately corrected for background, F in is the neutron flux 

incident on the scattering sample, r is the distance between the 

scattering sample and the side detector, and N is the number of 

nuclei in the sample*

F s was determined as the difference in the normalised 

counting rates of the same side detector for the two different 

conditions, namely, sample in and out of the beam, respectively, 

F -m was measured with the collimated beam monitor with the 

sample out of the beam. Since F s and F; n were determined with a 

different detector, it was necessary to make some intercolibration 

measurements of the collimated beam monitor and the side detectors, 

as described in section 4,3. The distance r from the centre of 

the scattering sample to the centre of the active volume of the 

detector was measured directly.

The differential elastic cross sections so obtained were 

corrected, when required, for double scattering of neutrons in 

the scattering sample, finite size of scatterer and side detector,



attenuation of the incident and scattered neutron beams in the 

scatterer, difference in sensitivity of the detector over the 

whole volume, possible systematic error in the intercalibration 

measurements and finally for inelastic scattering. These 

corrections are described in the following sections.

Correction to "ftie intercalibration measurements.

As already mentioned, the intercalibration of the 

detection efficiencies of the collimated beam monitor and the 

side detectors was made by placing each side detector in turn in 

the collimated neutron beam. With this condition, the direct 

neutron beam was observed mainly by the central portion of the 

scintillator while the scattered beam illuminated the entire 

scintillator. The correction to the intercalibration measurements 

consisted in calculating the intrinsic efficiency of the 

scintillator in its two different conditions. These calculations 

were made in the following way.

QO \

According to Schwarz and Zetterstrom 7 ', the intrinsic 

efficiency £ of a scintillator for neutrons of energy E n , 

assuming only single scattering with hydrogen and carbon, is 

given by f

£(E n/ L)= n M <T H [l- exp(-ZL)]/I
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where 7 - n u ^ + n ,. GV . L is the effective length of path of
*** H H C C

a particular neutron within the scintillator, n H and n c are the
* 

number of hydrogen and carbon atoms per cm, and (TH and crc are

the neutron scattering cross section for hydrogen and carbon 

at energy En .

Figure 27 represents the coordinate system used to evaluate 

the intrinsic efficiency of a stilbene side detector of the first 

polarimeter in its position to measure the scattered neutron 

flux. The scatter er and effective area of the detector projected 

on plane yz were divided into differential volume and surface 

area elements respectively. The different parameters involved in 

this evaluation were calculated with the computer program 

produced for such purpose and described here.

The program calculated the scattering angle, e 9 between 

the vector 1 k and J.^ which defined e scatterer and a surface arsa 

elements respectively. The energy E nf of the scattered neutron 

was then calculated from the kinematics of the scattering, and 

the neutron scattering cross section for hydrogen was calculated 

from Wasson's °°' expression :

O. 86517/ -f 0.005



NOT TO SCALE

scatterer

side detector

Fig. 37 Coordinate system used to 
evaluate the intrinsic 
efficiency of a stilbene 
side detector in its 
position to measure the 
scattered neutron flux.

Target
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The corresponding macroscopic cross section £ was chosen from 

the values reported in reference 100* Finally, after calculating 

the effective length, Ljf, of path of a particular neutron within 

the scintillator, the program calculated the corresponding 

intrinsic efficiency Causing equation (5.2.2). This process was 

repeated until the whole scatterer and detector geometry was 

covered. Thus, the program simulated the actual geometry of the 

experiment, tracing more than 20,000 neutron scattering 

histories and gave an estimate of the intrinsic efficiency of 

the side detector weighted over the experimental geometry.

The intrinsic efficiency of the side neutron detector 

placed in the direct collimated neutron "beam was calculated in 

a similar manner to that just described. Figure 38 represents 

the coordinate system in which this calculation was made. For 

this calculation, the effective area presented by the detector 

to the direct neutron flux was taken from the beam profile 

measurements. In this case it was necessary to calculate only 

the effective length, L j , of path of a neutron within the 

scintillator and the corresponding intrinsic efficiency, £^, 

over the effective volume of the scintillatort This was made 

with a computer program which traced more than 4,000 neutron 

histories and estimated the intrinsic efficiency of the detector 

in the direct neutron beam.
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Y

stilbene side detector

Neutron beam cross section

Fig. 38 Coordinate system to evaluate the intrinsic efficiency 
of a stilbene side detector in the direct neutron beam,
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The results of these calculations for a neutron energy of 

3 MeV, indicated that the intrinsic efficiency of the stilbene 

crystals in the scattered beam was 0.98 times the intrinsic 

efficiency in the direct beam. A similar result was obtained at 

a neutron energy of 2.7 MeV, which was the lowest neutron energy 

involved in the measurements carried out with the first 

polarimeter.

The counting rate sensitivity of the side detector was 

investigated by observing the contribution to the de$d time of 

the multichannel analyser with the side detector in the direct

beam. In this condition, the highest counting rate was about
p

4x10 /sec which increased the dead time of the pulse height

analyser by no more than 1% of that observed when the side 

detector was measuring the scattered beam.

Since the slightly higher intrinsic efficiency of the 

stilbene crystal in the direct beam was partially offset by the 

decrease in detection efficiency due to the higher counting rate 

in that condition, it was considered that the correction to the 

intercalibration factors due to these two effects was less than

In the case of the second polarimeter, it was not 

considered necessary to repeat all the detailed calculations 

given above because the side detectors in this polarimeter had 

the same sensitivity over the entire volume. This was investigated 

as follows. According to Curran ° ', the intrinsic efficiency €
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of a ecintillator for neutrons of energy E n , considering the 

recoil of protons only, is given "by s

where B is a constant which depends on the particular scintillator, 

<TH is the cross section of hydrogen for the scattering of neutrons 

of energy E n , and V and A are the effective volume and area of 

the scintillator presented to the neutron flux. From the geometry 

of the side detectors of the second polarimeter, it could be 

considered that V/A represented the effective length of path of 

the neutrons within the ecintillator, hence :

The effective length L of path presented "by the scintillator 

to the direct neutron beam was eqiial to its depth and that 

presented to the scattered beam was approximately t

cos e
(5.2.6)

e is the mean scattering angle. The computer program described 

above calculated the weighted mean scattering angle, which 

turned out to be $.7°. With this value, L, was L t = 1.002L. 

Therefore, the intrinsic efficiency of the scintillator in its 

two different pos*^*6 wa6 essentially the same.



The counting rate in the direct beam in the second 

polarimeter did not exceed 2xlO*Vsec, so that the contribution 

to the dead time of the pulse height analyser was sufficiently 

small «1$). Here, too, it was concluded that the correction 

to the intercalibration factors was less than

5»2*2 Attenuation of the incident and scattered neutron beams*

The thickness (2*56 cm) of the lead scattering samples, in 

both polarimeters, was approximately 0.6 of one mean free path 

of the neutrons in the scatterer in the range of energy of 

interest* Therefore, it was necessary to apply the proper 

correction for attenuation of the incident and scattered neutron 

fluxes,in the scatterer. In this effect, the incident neutron 

beam was attenuated by the scattering sample so that the 

scattering nuclei farthest from the target were not exposed to 

the full intensity, and the neutrons forward scattered, at any 

point in the scatterer, were attenuated by the rest of the 

sample.

Attenuation of the incident and scattered neutron beams 

was corrected for by replacing the ratio Fjn /Fs in equation 

(5*2.1) by the quantity t

p ' - Li*. _L_ e x t> (- n (TT r,) e x p (- n <rT r2 ) d v



where r, is the distance into the scattering sample the incident 

neutron had to pass to reach the volume element dv, r2 is the 

distance between this volume element and the far end of the 

scatterer measured along the path of the scattered neutron* n 

is the number of nuclei per cnr in the sample and CTT is the 

total cross section.

Figure 39 represents the geometry to evaluate this quantity. 

From this figure it is clear that F f is a function of the angles 

oc and & • However, since o< only varied from 0° to ~ 0.5° as 

determined from the beam profile measurements, little error and 

much simplification was introduced by making cx= 0°, that is by 

making r, = t, . The angle B was related to the corresponding 

scattering angle e through the relation /8 = e - ex .in order to 

estimate the upper value of the angle 6 , the maximum finite 

geometry scattering angle involved in the experimental geometry 

was calculated with the computer program described in the previous 

section. This maximum scattering angle turned out to be 6.8°, 

which was in turn the upper value of the angle & . With this value 

it was possible to assume that r2 = t2 and, therefore, ^"^"^ = "t • 

Thus, the integral F 1 could be evaluated in terms of elementary 

functions.

The result of the integration was i

-n<rT -t ) (5.2.8)
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where exp(-n d~ t) essentially measured the attenuation of the 

direct beam times the attenuation of the scattered beam into the 

scattering sample. This latter quantity is the well known 

formula of the transmission given by equation (5.1.1). Thus, 

the expression to calculate the differential cross section 

became t

F r 2 
C(e}- ——^-—— (5.2.9)

T Fin N

The measured transmissions ranged from 52.6^ in the first 

polarimeter at a neutron energy of 3.1 MeV to 57.2£ in the 

second polarimeter at a neutron energy of 2.2 MeV. This 

indicated that the correction for attenuation of the direct and 

scattered neutron beams was quite considerable.

5*2.3 Multiple scattering correction.

Because of the thickness of the sample, the scattering 

ratio was considered as a sum of the terms i

S = S, + S 2 (5.2.10)

where S, and S 2 refer to the neutrons scattered in the sample into 

the side detector by single and double scattering respectively. 

In order to have an estimate of the effect of double scattering, 

the ratio S2 /S t was calculated by means of an analytic method 

presented here. Figure 40 represents the geometries for these 

calculations.
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dx
—HH—

(a)

e

(b)

dx-

Fig. 40 Detail of scattering geometry :

(a) single scattering

(b) double scattering
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The expression for S, was determined, using fig. 40a, by

evaluating the integral i
A 

S, = I y^s cxp(-n<JT x)[ndx]<r(e}XLd cxp[-n<rT (i-x)] (5.2.11)
o

in which y is the number of neutrons incident on the scatterer 

of thickness t,-O. s is the solid angle subtended by the 

scatterer at the target, exp(-no~T x) is the probability that

incident neutrons penetrate the distance x, ndx is the number of
p nuclei/ cm in the thickness dx, (r(e)-*\j is the differential cross

section for elastic scattering at the forward angle e times the 

solid angle subtended by the side detector at the scatterer, and 

exp(-n CTT (t-x)) is the probability that neutrons scattered at x 

penetrate the rest of the scatterer. This simplified expression 

for S, was derived assuming suitable approximations similar to 

those mentioned in section 5.2.2.

Since 6(e] is large only for small values of e, an upper 

limit for S, was obtained by setting (f(e) = 6"(o°) , that is

S,- yjas^d nt(J(o0 ) exp(-n(TTi) (5.2.12)

The number, S 2 , of neutrons doubly scattered in the 

scattering sample and arriving to the eide detector was 

calculated using fig. 40b and an extended expression from that 

given for single scattering.
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This expression was t

'° 'x2 Jo

X

X [*xp(-n<TT (t-x2 ))]

Where the factors in brackets represent the number of incident
pneutrons at a depth x , , the number of nuclei/cm in the thickness 

dx, , the differential cross section for elastic scattering at 

the angle e, times the appropriate solid angle increment, the

probability that neutrons scattered at x ( arrive at xz before having
2 a second scattering, the number of nuclei per cm in the thickness

dx 2 i "k*16 differential cross section for a second elastic 

scattering at the angle e2 (towards the side detector) times the 

solid angle subtended by the side detector at the scatterer, and 

the probability that neutrons second scattered forward at 

penetrate the rest of the scatterer.

The integral £ 2 was evaluated considering that because of 

the strong forward scattering, the main contribution to the 

correction was due to small values of e, and e2 , and therefore, 

that e = e - 0 if t*16 neutrons were to have a chance of
i
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entering the side detector; thus cose could be replaced by 

unity and sine by e . Further, since <r(eHs large only for small 

scattering angles, the upper limit of S 2 was obtained by setting 

CT(e,)- (T(e2 ) = (J (o°) and integrating only up to a maximum 

angle em which included the forward lobe of the scattering 

angular distribution. The upper limit for S 2 was t

"9 2
(\ i n*M o f r 4- N ©

2

An appropriate value of e™ is VKR f where k is the wave 

number of the incident neutron and R is the nuclear radius. For 

these calculations, the value of <T(o°) was obtained from the 

measured total c£oss section using Wick's limit

(5 .2 . 15)

The contribution to the observed scattering due to double 

scattering, calculated as the ratio S2/S , , had a value of 

at a neutron energy of 2.2 MeV in the second polarimeter and 

at a neutron energy of 3.1 MeV in the first polarimeter.

In order to verify the validity of the magnitude of the 

double scattering correction calculated as described, the number 

of neutrons doubly scattered in a solid angle .n^at an angle e 

was also calculated with the expression developed by Dukarevich 

and Dyumin 10^ t

(5.2.16)
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where k, - (R + -x)/2* • For this calculation, the angle e0 was 

considered as the mean scattering angle of the present experimental 

geometry, which was calculated with the computer program described 

in section 5.2,1. The ratio B\ /S 2 evaluated for a neutron energy 

of 3«1 MeV was 0,91, which indicated that the estimate of the 

double scattering correction made by any of the two expressions 

6 or S f was essentially the same.

Since in both polarimeters the dimensions of the scattering 

sample were smaller than one mean free path of the neutrons, it 

was considered that triple scattering processes could be neglected. 

This assumption is supported by Cox °^, who has shown that the 

influence of triple scattering is one order of magnitude lower 

than that of double scattering, provided that the condition just 

mentioned is satisfied.

5,2.4 Correction for finite geometry.

AS mentioned earlier, the geometry of the present experiment 

was designed so as to have a rather large spread in scattering 

angles, thus, the dimension of the side detectors permitted to 

collect, in one measurement, all the polarization information in 

the angular interval from 1.8° to %5° measured from the centre 

of the scatterer in the reaction plane containing the neutron 

beam axis and the centroids of the two side detectors. However, 

due to the finite size of the scatterer and side detector, 

scattering angles smaller than 1.8°and larger than 5.5° occurred.
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In order to determine, precisely, the range of scattering 

angles involved, the minimum and maximum scattering angles 

present in the experimental geometry %ere calculated xvith the 

computer program described in section 5,2,1, These angles turned 

out to be 0,79° and 6,8°, respectively, Lince the cross section 

associated with Schwinger scattering change rapidly over email 

angular regions, it was considered necessary to evaluate this 

cross section over the angular interval from 0.79° to 6,8° so 

that the proper correction could be applied,

This evaluation consisted in calculating the cross section 

for Sen winger scattering given by i

CTSC - & 2 cot 2 {e/2 ) (5.2.17)

in the three different intervals of scattering angles, namely 

0.79° to 1.8°, 1,8° to 5.5° and 5-5° to 6.8°. However, since 

the sensitivity of the side detectors in the first polarimeter 

was not uniform over their entire volume, the term <rsc was 

replaced t>y the quantity i

where £jp is the intrinsic efficiency of the stilbene crystal 

associated with a particular neutron scattered through an angle 

e« (see fig.37)» and £0 is the maximum intrinsic efficiency of the 

scintillator, which should occur along the diameter of the stilbene 

crystal. The quantities (Tsc and fl^ were calculated with the
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computer program described in section 5«2.1 over the geometry 

of scetterer and side detector.

The results of these calculations indicated that 5.5$ of 

the total number of scattering events were associated with 

scattering angles between 5.5° and 6.8° and produced an average 

Schwinger cross section of 0.06 barns/sr in that angular interval; 

12$ of the events were associated with scattering angles between 

0»79 and 1*8° producing and average Schwinger cross section of 

1*0? barns/sir in that angular interval; and the interval of 

scattering angles from 1.8° to 5.5° had 8%5?£ of the total 

number of scattering evaits and an average Schwinger scattering

Cross Section Of 0.1?8

The difference between the nominal and weighted Schwinger 

scattering cross section in the angular interval from 1.8° to 

5*5° was obtained by comparing the result of the previous 

calculation with that obtained by means of the expression s

I co4 2 (6/2) d©
crs" - * 2 ;QI ————— (5.2.19)

evaluated in the same angular interval. This comparison indicated 

that the weighted Schwinger scattering cross section was 0.94 

times the nominal one. Thus it was concluded that the lack of 

uniform sensitivity in the side detectors produced such a 

difference.
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The average Schwinger cross section weighted over the 

whole range of scattering angles (0.79° - 6,8°) was 0.28 

for 1fce first polarimeter and 0.34 for the second polarimeter. 

These values had to "be subtracted from the corresponding 

differential cross sections for the elastic scattering of 

unpolariz«d neutrons in order to obtain the differential cross 

sections for the nuclear interaction.

5.2.5 Correction for Inelastic Scattering.

In the present experiment, the lead scattering samples 

consisted of three isotopes Pb206 , Pb207 and Pb208 with 

relative abundancies of 24.1$, 22.6$ and 52.3?? respectively. 

The first polarimeter involved separate measurements with 

incident neutron energies of 2.?4, 2.86, 2.93, 2.95t 5.02 and 

3*14 MeV respectively, and the second polarimeter involved 

separate incident neutron energies of 2.2 and 2.26 MeV 

respectively. In both cases, the incident neutron energy exceeded 

several excitation levels of the lead nucleus, so giving rise to 

inelastic neutron scattering.

In order to minimise the contribution to the measured 

differential cross section from this effect, the bias of the 

detectors, in both polarimeters, \vas set at about 1.6 13eV neutron 

energy. For 2.?4 MeV incident neutron energy, which was the 

lowest neutron energy involved in the first polarimater, there
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are several excitation levels ^' of less than 1,14 k;eV which 

could contribute to the measured cross section. For 2.26 MeV 

incident neutron energy, the highest neutron energy involved in 

the second polarimeter, there is only one excitation level ^'
PQO

(Fb ' at 0.57 MeV) which could contribute to the measured cross 

section.

The contribution from inelastically scattered neutrons was 

evaluated from the angular distribution of inelastically 

scattered neutrons, reported by Cranberg 105;^ corresponding to 

excitation in Fb206 and Fb207 for incident neutrons of 2.5 MeV. 

It was estimated that this effect contributed 0.11 and 0.06 b/sr 

to the differential cross sections measured with the first and 

second polarimeter, respectively. These contributions, although 

small, were also subtracted from the measured differential cross 

sections.

5.2.6 Differential Elastic Scattering Cross Section Values.

Table 5.2 contains the corrected differential elastic 

scattering cross sections of lead for the different energies 

of polarized neutrons involved in the present experiment. In the 

first column are listed the mean deuteron energies, the second 

column indicates which polarimeter was employed in the 

measurement. The neutron energies, calculated from the kinematics 

Of the reaction are contained in the third column. The differential 

cross sections for polarized neutrons, measured by the f right* 

and f left f detectors of the respective polarimeter are listed in
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column four and five, respectively* The differential elastic 

scattering cross section <^(e) f or the unpolarized neutrons was 

determined from t

cue)

and the corresponding values are listed in the final column of 

the table. The errors associated with the f right' and 'left 1 

differential cross sections are due to counting statistics only. 

However, the total error was estimated to be about 1.6$ based 

on counting statistics (0.8%) and systematic errors associated 

with the quantities involved in equation (5.2. 9) • that is f the 

area of the scatterer presented to the neutron beam (1.0%), 

distance between scatterer and side detector (0.5%), area of the 

detector presented to the scatterer (0.5%) , transmission (0.4$) , 

number of nuclei in the scatterer (0.1^), and inter calibration 

factor (0.5$?)» The errors associated with the differential cross 

section for unpolarized neutrons corresponded to counting 

statistics only, but the total error was estimated to be about

At this point, it is important to emphasise that because of 

the geometry of the experiment, each of the values reported here 

represents an average differaatial cross section in the angular 

interval from 1.8° to 5«5° measured in the reaction plane 

containing the neutron beam axis and the centroids of the 

detectors,
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In order to assess the present results, a comparison with 

published data wae made. For this purpose, the differential cross 

sections reported by Galloway and Maayouf ^' f for elastic 

scattering of unpolarized 5 MeV neutrons scattered through angles 

from 1.6° to 7»7°t were compared with the value obtained in this 

experiment at 3»02 MeV neutron energy. The result reported in 

reference 35 are presented in figure 41, where curve A is the 

result of optical model calculations 106 ' for scattering angles 

from 1 to 10 vdth parameters appropriate to 3 MeV neutrons. 

Curve B represents the optical model differential cross sections 

plus the compound elastic differential cross sections 10?) ; the 

Schwinger scattering component was then added to give curve C. 

Finally, curve B, which fits the corrected experimental points, 

was obtained by normalising the optical model differential cross 

sections to which the compound elastic and Schwinger components 

were added. For comparison purposes, curves At B, C and D have 

been extrapolated so as to cover the present finite geometry.

Since the result of the present experiment could not be 

compared with a single experimental point from the angular 

distribution represented by curve B, the average value of this 

distribution, over the angular interval from 0.8° to 6.8° was 

determined by numerical integration and then compared with the 

present value. The average value of the angular distribution 

(curve D) in the mentioned angular interval is 6.1 - 0.2 lo/sr, 

which is in good agreement with the value 6.6 - 0.07 b/sr reported 

here.
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Fig. 41 Differential cross sections for elastic scattering 
of unpolarized 3 MeV neutrons by lead .
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For the sake of completeness, the nuclear differential cross 

sections <TM (e) were also compared with published data. The 

differential c£pss section due to nuclear interaction was obtained 

from the equation s

<fn (e)= CTJe)- <Tsc (e) (5.2.21)

where (T0 (e) is the differential cross section for unpolarized 

neutrons defined by equation (5.2.20) and (Tsc (e) is the Schwinger 

scattering cross section defined by equation (5.2.17).

The values so obtained are presented in figure 42 , where 

the symbols (•) represent the different values of <Tn (e) obtained 

for the different neutron energies involved in the present 

experiment , and the symbol (o) represents the value deduced from 

reference (35). The symbols (A) represent the differential cross 

sections of lead at different neutron energies and scattering

angles near to 0°, calculated from optical potentials ''. From 

this figure, it is clear that the magnitude of the present nuclear 

differential cross sections is in good agreement with the recent 

value reported in reference (35) » and that the trend of the 

present measurements agrees with that of the calculated values 

Fig. 42 also indicates that there is need for suitable 

normalization in the optical model differential cross sections, 

so as to have a better agreement between the experimental and 

calculated values. However, this procedure could not be applied 

in the present case because angular distributions were not 

measured.
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crn(e)

JQ

Present measurements

o Reference (35)

4 Optical model calculations 73)

E n (MeV)

Fig. 42. Nuclear differential elastic scattering cross sections 
of lead at several neutron energies.
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Calculation tf the Hi (d«n)He^ neutron polarization*

In section !•?, it was pointed out that in a Mott-Schwinger 

polarimeter the neutron polarization can be calculated directly 

from the equation s

-CT(9,TT)
2(T0 (e)Ps (e)

where CT(e,o) and. <J{e,Ti) are the differential elastic cross 

sections measured by the •rigjat 1 and f left f detectors respectively, 

end the product (T0 (e)ps (e) is defined "by the equation j

CT0 (G) Ps (0) - k (TT cot (e/2)/2TT (1.3.6)

Thus in order to calculate Pn (e') it was required only to 

measure, as described, the total and differential cross sections, 

and evaluate the term CT0 (e)Ps (e) over tiie geometry of both 

scatterer and side detector by means of the computer program 

described in chapter two.

The values of Pn (e') , calculated by this procedure, for the 

different experimental conditions are listed in column five of 

the table 5»2« The first four columns of this table are identical 

to those of table 5.1, and the final column indicates the total 

charge on target for each particular measurement,

For comparison purposes, the present neutron polarization 

values are presented in figure 43 in conjunction with the
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recent values obtained separately by a typical He scattering
polarimeter 106 ' end the new technique based on a helium filled

72) proportional chamber ' . The preseat polarization values
corresponding to mean deuteron enegies of 106 and 1% keV were 
deduced by averaging the magnitude of the values obtained with 
both polarimeters, It was found, from this comparison, that the 
polarization values obtained with the present Mott-Schwinger 
polarimeter are in good agreement with those obtained by the 
other two techniques, and that the trend of the three sets of 
values also agree. From here, it was concluded that the present 
Mott-Schwinger polarimeter can provide a reliable system to 
measure the source polarization in various neutron producing 
reactions,

Efficienc of the present system,

The main objective of this thesis was to design and 
construct a polarimeter for neutrons of a few MeV energy baaed 
on small angle Mo tt-Sch winger scattering which could have an 
efficiency of data collection comparable to that of a conventional

/L 4He scattering polarimeter based on a gas scintillator. The He 
polarimeter chosen for the comparison is in use in the same 
laboratory 108\ it consists of a helium gas scintillator 
operating at a pressure of 1000 psi and scattering neutrons 
through a mean angle of 117° into a pair of liquid scintillator 
neutron detectors,



Therefore, in order to assess the efficiency of data 

collection of the present syBtem, a comparison was made of the 

time taken by each system to attain, under similar accelerator 

conditions, a given statistical accuracy of polarization 

measurements on neutrons from the H^Cd^He^ reaction. Measurements 

with the first polarimeter of the present system, for neutrons 

emitted at 45 lab from this reaction at a mean deuteron energy 

of 24-0 keV, gave a polarization value of P n = -(1%8 1 0.95)% 

with a total charge on target of 4-6 coul. The corresponding value 

obtained with the He4 polarimeter was P n = -(15»5 - 0.93)%with 

a total charge on target of 12 coul.

This comparison indicated that the first polarimeter of the

present system takes %8 times as long to obtain a polarization
i* 

value with the same statistical accuracy a« a typical He

polarimeter* From here, it was concluded that the efficiency of 

data collection of the first polarimeter #f the present system 

is 30 times larger than that of the Mott-Schwinger polarimeter 

of reference (46), and that the objective of this thesis has been 

achieved*

In table 5.3 can be seen that the efficiency of data 

collection of the second polarimeter of the present system is 

slightly lower than that of the first polarimeter. This difference 

was due to a lower neutron yield at backward reaction angles 9 ' f 

higher neutron background, and a smaller solid angle for 

acceptance of neutrons. This last condition, as pointed out in
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section 2,4, was due to the practical impossibility of placing 

the collimator at the same distance from the target as in the 

first polarimeter. Since in the present experiment it was possible 

to average the magnitude of the polarization values obtained 

with both polarimeters, it was considered that the present system 

takes less than 5 times as long to obtain a polarization value 

with the same statistical accuracy as a typical He polarimeter. 

However, this averaging procedure cannot be applied when 

measuring polarization from other neutron producing reactions.

Possible improvements to the present system.

To conclude the present work, an investigation was made in 

order to improve further the efficiency of data collection of 

the present system for future use.

The first obvious improvement can be made by using a 

scattering sample with higher atomic number, since the Mott - 

Schwinger contribution depends on the square of the atomic number. 

This also would improve the scattering ratio because the nuclear 

differential cross section increases regularly with atomic 

weight ^*» The second obvious improvement consists in employing 

a better shielding around the polarimeter, so that the statistical 

accuracy can be improved by having a lower neutron background.
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The possible improvements in the geometry are associated 

with the solid angle.^subtended by the scatterer at the target, 

characteristics of the scattering sample, and solid angle _o_,
Q

subtended by a side detector at the sample. However, detailed 

calculations showed that an increase in solid angles, either by 

enlarging .as or by moving the side detectors closer to the 

scattering sample, implies a larger spread in scattering angles, 

which in turn, reduces the analysing power, and therefore, the 

figure of merit of the system. Similarly, it was found that if 

the solid angle .cis is kept at its value and the thickness of the 

scattering sample is enlarged, the increase in the scattering 

ratio is offset by the decrease in the solid angle _ad and the 

larger attenuation of the scattered flux in the scatterer, 

requiring therefore, a larger correction due to this attenuation 

effect. Besides, it is required to take into account triple 

scattering when correcting for multiple scattering, and also the 

inscattering contribution is Increased, Therefore, it is 

concluded that the present geometry is adequate for the experiment

5*6 Conclusions,

Since the polarization measurements obtained with the present 

system are in good agreement with recent measurements obtained 

with a typical He4 polarimeter and the new technique based on a

helium filled proportional chamber, and because the efficiency of
4. 

data collection is comparable to that of a He polarimeter, it is

concluded that the advantages of the present Mott-bchwinger
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scattering polarimeter outweigh the experimental difficulties 

and that this system can provide an efficient and reliable 

alternative technique to determine the source polarization in 

various neutron producing reactions.
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