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SUMMARY 

A gamma-ray spectrometer employing a sodium iodide scintillation 

detector, has been constructed to observe the gamma-rays produced in 

-14.2 MeV neutron interactions with elemental samples. The predominant 

gamma-ray production mechanism is inelastic neutron scattering; the 

source neutrons being produced by the PH(a,n) ‘He reaction. The main 

problem in the design of such a spectrometer is to overcome the large 

background owing to the sensitivity of sodium iodide to neutrons. This 

was overcome by using a gamma-ray detector neutron shield and a particle 

time-of-flight discrimination system. The associated particle time-of- 

flight method was used. The instant of production of a source neutron 

is defined by detecting the associated alpha-particle, enabling the 

subsequent neutron-gammaeray Pines6fefticht discrimination. The different 

particle flight times over the sample to detector flight path are measured 

electronically and the system used is described. 

Three elements for which there have been few or no previous 

measurements were studied: silicon, sulphur and titanium. Bacchi’ 

spectra have been observed for each element under 14.2 NeV neutron 

bombardment, at several scattering com in the 0° to 90° angular 

interval. The spectra enabled iit differential gamma-ray production 

cross-sections and angular distributions of the resolved gamma-ray lines 

to be measured. The differential gamma-ray production cross-section, 

angular distribution and integrated cross-section measurements are 

compared with the published data where available. 

The angular distribution measurements, of the gamma-rays 

produced in neutron iglanet scattering, for each element are compared 

with Hauser-Feshbach=Satchler compound nucleus model calculations.
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CHAPTER 1, 

Introduction 

asda Introduction 

The investigation of neutron reactions with matter is a major 

part of neutron physics which is broadly concerned with the production, 

interaction and detection of neutrons. A measure of the probability of 

a neutron reacting with a nucleus is expressed as the cross-section. As 

the neutron carries no electrical charge, there is no Coulomb repulsion 

to prevent its interaction with nuclei. There is, consequently, an 

- enormous energy range (10°’eV to 10% ev) over which neutrons exhibit 

appreciable interactions with matter. 

Of the aie neutron interactions there is relatively little data 

on the y -rays produced in fast neutron reactions (neutron energies 

greater than 0.5 MeV) and little information on the reaction mechanisms, 

The reactions are of the type A(n,x y )B, where A is the target nucleus, 

n is the incident neutron, x is the emitted particle or particles, and B 

is the product nucleus. If B is formed in an excited state then it 

normally decays to its ground state, either directly or by a cascade 

process with the emission of Y-rays. 

In neutron interactions with light and medium mass nuclei 

(atomic mass number A % 80), at energies of the order of a few MeV, 

usually the only Y-ray production mode is inelastic scattering in which 

the scattered neutron transfers some of its kinetic energy to the nucleus 

raising it to an excited state. The (n, y ) reaction, in which 

Y eradiation is emitted following neutron absorption, is energetically 

possible but normally it has a negligible cross-section at energies of 

the order MeV. As the neutron energy increases charged particle 

reactions become possible, particularly the (n,p) and (n,~) reactions 

which have thresholds of approximately 5 MeV for medium mass nuclei 

though this may vary considerably for individual nuclei. The threshold
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for the (n,2n) reaction is normally above 10 MeV neutron energy for 

medium mass nuclei, Up to neutron energies of 15 MeV however, the 

predominant non-elastic reaction is inelastic scattering. 

Most of the work to date on y-ray production uaheioaseta ban 

been done at neutron energies less than 7 MeV. The work in this energy 

(1) (2) and McEllistrem‘>), There range has been reviewed by Day’, Ferguson 

is a large energy gap in the easily available neutron source spectrum from 

~ 10 MeV to 14 a neutrons from the D(a,n)He reaction are not . 

monoenergetic because of deuteron break up, The 34(a,n) tHe reaction 

provides an abundant source of 14 MeV neutrons. 

In the 14 MeV to 15 MeV energy interval, Deuchars and Dandy “+ 

observed y-ray energy spectra following neutron interactions with several 

medium and heavy weight nuclei to obtain spectroscopic data of their 

excited level structures, Although they were able to make energy 

assignments to many excited levels, due to the complicated spectra 

containing very many y-ray lines, the assignments tended to be rather 

more uncertain than can be made at lower neutron energies. The spectra 

also gave information about the excited level decay schemes, Because of 

the compliceted spectra the work done at 14 MeV has concentrated on the 

measurement of differential y -ray production cross-sections of resolved 

lines identified on the basis of published level structure data, The 

‘predominant lines correspond to transitions from the first few levels 

which are internet fred by cascade contributions from higher levels, A 

aifferential cross-section is a measure of the probability of radiation 

being emitted into a small solid angle, d 1, at an angle, @ > te the 

incident beam direction. 

Differential y-ray production cross-sections for 14 to 15 MeV 

neutrons, have been measured for many elements, particularly the light 

and medium mass nuclei, Examples of extensive analysis are the work of 

(5) (6) Engesser and Thompson’~°, Bocharev and Nefedov and of the Texas



Be 

(7~11) 
Nuclear group as part of a cross-section measurement programme. 

The measurements are usually made at a 90° scattering angle with an 

angular resolution of 5 20" In Yeray spectra containing many 

(9) 
unresolved lines, the Texas Nuclear group were able to measure 

differential yeray production cross-sections in 4+ MeV energy intervals 

with the aid of an anti-coincidence spectrometer (section 2.4); for 

example, they measured the Y -ray differential production cross-section 

for the 2 to 2.5 MeV Yeray energy interval. 

Gammaeray angular distributions, which give the variation of 

the differential cross-section per steradian with scattering angle 9 , 

are often anistropic. The anistropy decreases with increasing neutron 

energy; however marked anistropies have been observed in Y eray angular 

distributions following the interaction of 14 MeV neutrons. Distribution 

measurements have been reported by Anderson et ait)?) | Benetskii et a1‘13) 
‘ 

Martin and Stewart (14) (15) | Benveniste et ai{16) and Morgan et 91610? 

for yY-rays produced in 14 MeV to 15 MeV neutron interactions. The 

measurements of the prominently excited y~rays followed neutron 

interactions with nuclei ranging from 12, to pe, The predominant 

reaction was inelastic scattering, but Morgan et arse? attributed some 

Y -ray production modes to (np y ), (n,d y ) and (n,a y ) reactions. 

Because of the anisotropy in the distributions, the angular distribution 

is essential in the integration of the differential cross-section to 

obtain the Y-ray production cross-section. 

The study of these reactions is of interest from both the 

practical and theoretical point of view. On the practical side, the 

energy distribution of y-rays, production cross-sections and angular 

distributions following fast neutron interactions are useful in the design 

of safety shielding for nuclear reactors and other intense neutron flux 

devices. On the theoretical side, besides the spectroscopic data of 

the nuclear level structure, a comparison of theoretical and experimental
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y-ray angular distributions and excitation functions (the variation 

of as cross-section with energy) provides a test of the theoretical 

description of the reaction mechanism. 

Two theoretical models widely used to describe fast neutron 

interactions are the statistical compound nucleus and direct interaction 

eahete. In the compound nucleus theory the reaction proceeds by a 

comparatively long lived , approximately 1076s, intermediate stage 

involving one or more states of a compound nucleus with many degrees of 

freedom. The direct interaction process has few degrees of freedom and 

is characterised by short reaction times, approximately 10 “15 which is 

the transit time of the neutron across the nucleus. Both models 

sageeianly represent simplifications of the as yet insoluble many body 

problem: the compound nucleus approach constitutes one simplified 

mathematical extreme and the direct intersection the other. The compound 

nucleus mechanism is considered to predominate at lower neutron energies 

(less than 6 MeV) and the direct interaction mechanism at higher energies. 

14 MeV is an interesting intermediate region between wholly compound 

nucleus and wholly direct interaction mechanisms. 

Both models are incomplete without specifying the interaction 

pokential: The particle-nucleus interaction can be described by a 

complex or “optical potential in which all the complexities of the 

individual nucleon-nucleon interactions and of the nucleus itself are 

replaced by a potential that depends only on the radial distance, r, between 

the nucleon and the nucleus. Elastic scattering is described in the main 

by the real part of the optical potential, although some is associated 

with the imaginary part. The imaginary part principally has the effect of 

absorbing particles from the incident beam and these particles are the 

ones that initiate non-elastic processes, 

The compound nucleus theory of fast neutron interactions is 

(17) (18) due to Hauser and Feshbach and it has been extended by Satchler
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to predict y-ray angular distributions following inelastic scattering. 

The theory is commonly referred to as the Hauser-Feshbech-Satchler theory. 

There are several computer programmes based on this theory available for 

the calculations of yeray production cross-sections and angular 

distributions. One of the most general of these is the programme Mandy 

due to Sheldon and Gantenbein’ +” ana further extended by Sheldon and 

Strang**>) to include, at option, modifications to the theory due to 

Moldauer‘*)) , No published computer code, based on a direct interaction 
’ 

mechanism, was found that takes account of yerays produced in fant 

neutron interactions. Hence, all comparisons of theoretical and 

experimental results have used the compound nucleus model. 

The Hauser-Feshbech-Satchler theory, with the Moldauer 

correction, has had considerable success in predicting y-ray production 

cross-sections and angular distributions at lower neutron energies, vide 

Mathur et ai S22), Sheldon’2?) and Day‘), This has enabled excited 

nuclear level spins and decay schemes to be determined by eee 

theoretical and experimental y-ray angular distributions. In a review 

of the theory with particular emphasis on y-ray production in reactions, 

Sheidon‘*?? has shown that the shape and anisotropy of an angular 

distribution is not particularly sensitive to the parity of the level 

decaying, and for a definite determination of parity it is necessary to 

make angular correlation measurements. lxamples of the determination of 

level spins and the confirmation of uncertain spin assignments of 

excited states of medium mass nuclei are given by Mathur et. ale", 

(24) (23) Benjamin et al. and Sheldon « The spin assignment of a level is 

most definite when a y-ray originating at the excited level is of a 

single multipolarity (e.g. a transition to a level with spin 0), because 

the shape of the distributions corresponding to different spin assignments 

(22) are then most varied. Mathur et al. have also shown that although the 

shapes of y-ray distributions remain unaltered, the magnitudes of the
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production cross-sections are significantly sensitive to the choice of 

level parities and in many cases can lead to reliable parity assignments. 

At higher neutron energies, at which the theory is less 

applicable, approximations are required because the number of saben. 

nucleus decay reaction channels is very large and there is insufficient 

level structure data to account for them all. However, calculations of 

y -ray angular distributions at 14 MeV neutron energies using the 

(25) 
Hauser~Feshbach=Satchler theory have been reported by Drake and 

Martin and Stewart‘ +), 

Besides the difficulties in the theoretical treatment of Y-~-ray 

production cross-sections in reactions at higher neutron energies 

(approximately 14 MeV) the main reason for the small amount of work is the 

poor signal to background ratio which results from the neutron sensitivity 

of y-ray detectors and the large neutron induced background. Experimental 

work has therefore involved the development of technigues to overcome this 

problem. 

de cis The Research Project 
  

The principal, objective of the present work was to investigate 

the de-exitation y-rays produced in fast neutron reactions, particularly in 

inelastic scattering, with the view of increasing the experimental and 

theoretical information on these reactions. The 3u(a,n) tHe reaction was 

“used to provide a source of 14 MeV neutrons. 

The first and a major part of the project was to construct a 

spectrometer capable of observing the prompt y-ray energy spectra produced 

in the interaction of source neutrons with elemental scattering samples. 

The principa! considerations in the design of the spectrometer were that it 

should (i) have a good y-ray spectral response with good energy resolution, 

(ii) overcome the normally unworkable signal to background ratio and (iii) 

have a good angular resolution to facilitate y-ray angular distribution 

measurements.
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The spectrometer was used to obtain spectra of y~rays emitted 

from several elements after bombardment with 14 MeV neutrons. The spectra 

were used for absolute differential y-ray production cross-section, 

angular distribution and integrated cross-section measurements of resolved 

spectral lines identified on the basis of published level structure data. 

Silicon, sulphur and titanium were selected for study. They were chosen 

for several reasonse They are all common elements being three of the most 

abundant elements of the earth's crust. The common isotopes of each element, 

namely 2865 25 and 48 Ti, have isotopic abundances of 92%, 95% and 74% 

respectively and are all even mass nuclei. Measured angular distributions 

of even mass nuclei, excited in 14 MeV neutron inelastic scattering have 

shown anisotropies of up to a factor of two, see references (10, 12 = 16),. 

particularly for the first excited level to ground state transitions. The 

(23) Hauser-Feshbech-Satchler theory predicts that y -ray transitions from 

an excited Level with spin zero, following a reaction, have isotropic 

285, 22s and 18m each have ground distributions. The three nuclei, 

state spins of o* and first excited state spins of 2° and the 

distributions for these transitions may, therefore, be expected to be 

anisotropic. The samples were also selected because at 14 MeV neutron 

energies there have been relatively few measurements of their y-ray 

production cross-sections, and where more than a single measurement has 

been made there are discrepancies in the results. 

Differential yeray production cross-section peewusenenel, at 

(8-9) 
90° have been reported for silicon by the Texas Nuclear group ’ 

(5) (26) 
Engesser and Thompson and Caldwell et al. e They made measurements 

for several resolved y-ray lines of which the most intense was a 1.78 MeV 

Y -ray attributed to inelastic scattering. The values for the 1.78 MeV 

y e-ray differential production cross-section are 23.8 * 7 mb/st, 

26.2 £ 4.4 mb/st and 31.5 = 7 mb/st. There is only a single angular 

distribution measurement reported and this is for the 1.78 MeV y-ray
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and it was measured by Martin and Stewart 29), They do not, however, 

give any of their spectra or differential cross-section results obtained 

at any scattering angles, but only give a Legendre Polynomial expression 

obtained by a least squares fit to their results. Using this angular 

distribution equation the 90° differential cross-section was calculated 

as 35.6 mb/st which is larger than the above values, Benetskii 2 has 

reported measuring the total 1.78 Mev Yuray production cross-section. 

Gamma-ray energy spectra produced in 14 MeV neutron interactions 

with sulphur have been observed es single scattering angle, 90°, by the 

(9) Engesser and Phampabnte? (©) 

(26) 

Texas Nuclear group » Bocharev and Nefedov 

and Caldwell et.al. Several y~rays were resolved of which the 

most johanke was a 2.24 MeV y-ray. The values of the 90° differential 

production cross-section for this y-ray range from 16.1 : 1.7 mb/st to 

31 mb/st. The only angular distribution measurement for sulphur is due 

to Martin and Stewart 19), They measured the differential production 

cross-section for the 2.24 Mev y-ray at four scattering angles in the 

0° to 90° angular interval, The 90° differential cross-section for this 

Y ~ ray, calculated from the least squares fit equation to their 

“measurements, has a value of 14.7 mb/st which is lower then the other 

reported values. 

The only work reported for titanium at 14 MeV is by Engesser 

and Thompson? They observed only a 90° y-ray spectrum and measured 

differential production cross-sections for several lines of which the 

most intense, a 0.99 MeV y-ray attributed to inelastic scattering, had 

a large cross-section of 70.1 S 6.8 mb/st. No y-ray angular distribution 

measurements at 14 MeV neutron energies have been reported for titanium. 

Finally, a comparison of the angular distribution measurements 

of the Y-rays resulting from neutron inelastic scattering was made with 

the theoretical predictions, In the absense of a suitable direct 

interaction theory computer programme, the comparison was made with the
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Hauser~Feshbach-Satchler theory. This served as a test of the 

applicability of the compound nucleus theory. To make this comparison 

(20) 
the programme Mandy was used, 

1% Review of Experimental Methods 
  

The experimental methods used for measuring differential y-ray 

poohietion cross-sections in fast neutron interactions can be broadly 

classified under the headings of open and closed geometries. These 

refer to whether a minimum amount of shielding is used or whether fairly 

massive shielding is used around either the neutron source or the detector 

or both. 

Le oeke The Open Geometry 

, Open geometry experiments need to be cerried out in a large room 

keeping the apparatus as far as possible from the walls and floor to 

reduce the shattered background in the detector, The most extensively 

used open geometry method is that employing a large scattering sample in 

the form of an annulus. Figure 1.1 shows a typical arrangement, the 

detector to source distance is about 0.4 mv. Typically sample rings have 

outside diameters of up to 300 mm and are several centimetres thick. 

The inside diameter depends on the detector size. The main advantage 

of the method is that the annular sample enables a larger mass of 

scatterer to be placed in close proximity to the detector than is otherwise 

possible without introducing a large self absorption of y-rays in the 

scatterer, The large sample is required to give a workable signal to 

backeroiid ratio. 

This rather simple approach has many disadvantages in the 

measurement of y-ray differential production cross-sections. The main 

problem is the background produced in the detector due to both prompt. 

neutron detection and activation of the detector. The spectrum 

background cannot be corrected for very accurately as a large fraction of 

the background is due to neutrons scattered into the detector by the sample,
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Due to the compactness of the system the angular resolution is 

poor. The scattering angle is changed by moving either the detector 

or the scattering ring along the axis of the system. This, however, 

results in a change in the geometry which consequently changes the 

detector efficiency. If the scattering angle is changed by moving the 

ring, the neutron flux and energy at the sample undergo a substantial 

change. Also, the angular range over which measurements can be made is 

limited. 

In absolute cross-section measurements the detector efficiency 

is required and it can only be calculated with a poor accuracy for the 

case of an extended ring source surrounding a cylindrical detector. 

Some pewearshenrae?? have tried to overcome this difficulty by measuring 

the efficiency with calibrated isotope sources in the shape of ring 

samples, 

finally, because of the large sample volume, there is a high 

probability of neutron multiple scattering, which tends to increase the 

Yruray yield. The data has to be corrected for this process and this 

correction is also a function of scattering angle. 

The method has been extensively used at lower neutron energies 

(27) (28) (less than 7 MeV) particularly by Day and Van Patter » both of 

whom used sodium iodide scintillation detectors. A similar simple open 

geometry method has been used at 14 MeV neutron energy by Caldwell et a1 (2°) 

Instead of a ring sample Caldwell used two rectangular block samples with 

one placed either side of the detector. This method has similar 

limitations and advantages to the ring geometry, except that multiple 

neutron scattering and y-ray self absorption are rather more marked, 

The extreme penetrability of higher energy neutrons severely 

reduces the signal to background ratio with the open geometry method 

and the simple method tends to be less satisfactory. So dhkres and 

(6) 
Nefedov in their work with 14 MeV neutrons used a ring geometry, but
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to reduce the neutron background they used a stilbene organic crystal 

employing pulse shape discrimination. The more common method of 

reducing the neutron background problem at 14 MeV neutron energies is 

to employ a time of flight technique. The time of flight method is 

_used to discriminate between signal y-rays and scattered neutrons and 

it requires the detector to be withdrawn the order of 1m from the 

scattering sample, The method is discussed in section 3.1.Benveniste 

et ar. (26) Anderson at ap, 2 ) and Deuchars and Dandy used this 

method with the open ring geometry at 14 MeV neutron energies with sodium 

iodide scintillation detectors, Although this technique improves the 

background problem the method still suffers from the other disadvantages 

given above for the simple ring geometry. 

ewes The Closed Geometry 

In a situation where it is not possible to have the neutron 

source well away from thick walls and the floor, the scattered neutron 

flux in the room can cause very serious background problems in an 

unshielded arrangement. If only limited space is available to conduct 

the experiment then a closed geometry has to be used. An advantage of 

the closed geometry arrangement is that very much smaller scattering 

samples are used than in the ring geometry method, 

Although either the neutron source or the y-ray detector can 

be shielded it is usuel to shield the y-ray detector. Neutrons above 

10 MeV are very penetrating and a massive shield is required to absorb 

the source neutrons and y-~rays produced in neutron reactions with the 

shielding material. The size of the shield requires the detector to be 

withdrawn more than 1m from the scattering sample. To obtain a reasonable 

signal to background ratio the sample, at the detector collimator entrance, 

has to be placed close to the source, The large solid angle subtended 

by the sample at the target gives the method poor angular resolution, 

Differential cross-section measurements in this case are usually limited
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to one angle because the amount of shielding required around the detector 

makes it immobile. | 

As was the case with the simple ring geometry method, the 

background correction for neutrons scattered into the detector is a source 

of error. In the closed geometry case though the effect is not so 

serious for two reasons, Firstly, it accounts for a smaller fraction of 

the background, and secondly, measurements are usually only made at an 

angle of 90° and at this angle.there are less elastically scattered 

neutrons, as elastic scattering is very forward peaked. A disadvantage 

of both the simple open and closed geometry methods is that y -rays 

resulting from fast neutron activation of the sample can be detected, 

Whether Like is troublesome is very dependant on the nature of the sample, 

i.e. whether it has a large cross-section for say the (n,p) or (n,a ) 

reactions and whether the unstable reaction products have short half-lives, 

The simple closed geometry arrangement was used to observe tlie 

prompt y -rays resulting from 14.7 MeV neutron interactions with many 

elements by Engesser and Picayscr They heavily shielded a large 

sodium iodide crystal detector to view a small sample placed close to 

the neutron source. The shield measured 2.5 m long with a diameter 

of 1.85 m and with the fixed position shield differential cross-section 

measurements could only be made at one scattering angle, 90°, with an 

angular resolution of sa5?. 

The most common geometry now used is the closed geometry with 

the y-ray detector shielded. The shielding is limited though, so that 

the detector can be easily rotated about the scattering sample, Figure 1.2. 

Good angular resolution is obtained by using small scattering samples 

positioned between 100 mm to 300 mm from the source. The resolution 

is defined by the angle subtended at the source by the sample as the 

detector is considerably further removed from the Die: With this 

arrangement a time of flight neutron discrimination technique has to be
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used to obtain a workable signal to background ratio. This method 

overcomes many of the disadvantages associated with the ring geometry 

method, As with the ring geometry method employing time of flight 

discrimination the background spectrum can be readily reproduced as 

neutrons scattered into the detector by the sample are discriminated 

by their flight time. Additionally, the detector efficiency can be 

accurately calculated for the time of flight closed geometry method and 

altering the scattering angle does not change the geometry or the neutron 

flux at the sample. Finally, the Y -rey absorption in the sample and 

neutron multiple scattering present a smaller problem, This method 

lends itself then to absolute differential cross-section and angular 

distribution measurements. The single disadvantage it has compared with 

the ring geometry is that data acquisition is much slower. 

Differential cross-section measurements have been made by this 

method over a wide spectrum of neutron energies. In particular, the 

(7-10) (14), (15) 
Texas Nuclear group and Martin and Stewart have used this 

approach with 14 MeV to 15 MeV neutrons using sodium iodide detectors. 

(11) 
Morgan et.al. have made similar measurements with 15 MeV neutrons 

using a lithium drifted germanium detector. This method was used 

for the present work,
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CHAPTER 2. 

Gamma-Ray Detection and Detector Shielding 

The two most useful detectors for Y~-ray spectroscopy are the 

sodium iodide thallium activated, NaI(T¢), scintillation detector and the 

lithium drifted germanium, Ge(Li), semiconductor detector. In the 

detection of y~rays produced in fast neutron interactions the organic 

(6) 
scintillator, stilbene, has been used but because of its very poor 

detection efficiency and spectral response it was not considered for the 

present work. The properties to be considered in the choice of a suitable 

detector are listed as follows: 

Le the detector effiency, 

26 the spectral respcnse, 

3. the energy resolution, 

4, the response time, 

De the neutron response. 

These properties are discussed for the two systems considered leading to a 

choice of detector, Finally the detector neutron shield is described. 

ers The Sodium Iodide scintillation Detector 
  

The detection efficiency of sodium iodide crystal primarily 

depends on the absorption coefficient for Y-ray interactions producing 

secondary ionising electrons. The interection processes are the 

ehicctectvie effect , Compton scattering and pair production. The 

photoelectric absorption coefficient, at photon energies above the K=-shell 

he 
binding energy, is proportional to Nz? E where N is the number of 

atoms per unit volume, 2 is the etomic number and E is the photon energy. 

This coefficient then increases rapidly with atomic number but decreases 

rapidly with photon energy. The Compton linear absorption coefficient 

is proportional to NZ and it decreases with increasing photon energy. 

For pair production to occur the photon energy must exceed the rest energy 

of the electron and position, Bao which is 1.02 MeV. At energies
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near the threshold, the coefficient is proportional to N2°(E ~ omc”), 

The higher energy dependence becomes logarithmic and it is proportional 

to Nz? log, E. In each case the pair production coefficient is 

proportional to the square of the atomic number of the absorbing material. 

The atomic numbers of. sodium, iodine and thallium are 11, 53 

and 81 respectively, but thallium is only present in NaI(T¢) ina very 

small proportion, 0.1%. As discussed above, the absorption coefficients 

are very dependent on atomic number, so the iodine in the crystal makes 

it avery good y-ray absorbing material. For this reason and as Nal is 

a very dense material, 3,670 Kg a”, it has a very good intrinsic y-ray 

detection efficiency. The efficiency is a function of the crystal size 

as the probability of y-ray detection increases with increasing depth of 

erystal the radiation has to penetrate. Large efficient NaI(T €) crystals 

- are readily available with dimensions up to 150 mm in diameter and 150 mm 

thick. 

The y~ray interaction processes give rise to a complicated 

response function for the NaI(T¢ ) scintillator. Even a single 

mono-energetic Y-ray can produce a response whose line shape may contain 

several peaks plus a continuum. The complexity is essentially due to the 

detector output pulse being proportional to the total energy of the 

electrons which are liberated in the crystal, instead of being directly 

related to the energy of the y-ray. 

. As shown above the absorption coefficients are energy dependent. 

Gamma-rays in the energy range from several hundred KeV to slightly in 

excess of 1 MeV interact in the crystal by the photoelectric effect and 

| Compton scattering. The line shape then contains a full energy absorption 

peak, due to photoelectric and multiple processes, plus a step shape 

Compton distribution. At higher energies pair production begins to 

compete with the other interaction processes and it becomes more and more 

predominant as the energy increases. The line shape may then contain a
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full energy peak, one or two escape peaks ‘and a continuum, The escape 

peaks which are 0.511 MeV and 1.02 MeV down from the full energy peak are 

produced when either one or two annihilation quanta escape the crystal 

following the annihilation of the positron. The relative amplitudes of 

the full energy peak and escape peaks depend on the y -ray energy and 

crystal size. The probability of the annihilation quanta escaping the 

crystal decreases with increasing crystal size causing an increase in the 

relative full energy peak amplitude. For a 76.2 mm (3 in) crystal the: 

first escape peak becomes larger than the full energy peak at between 

3 MeV to 4 MeV Y-ray energy. 

The energy resolution of a Y-ray detector is usually defined 

as the ratio of the full width at half maximum height of a full energy peak 

to the peak energy. The quantity is expressed as a percentage. The 

operation of the NaI(T @) scintillation counter involves five consecutive 

processes and statistical fluctuations in the probability of each of these 

influence the overall energy resolution, These ere: 

(i) Excitation and ionisation along the track of the radiation. 

(ii) Conversion of energy of excitation into light energy by the process 

of fluorescence. 

(iii) Transfer of light through the crystal and onto the cathode of the 

photomultiplier tube. 

(iv) Absorption of light at the photocathode with emission of photoelectrons, 

(v) Electron multiplication at successive dynodes of the photomultiplier. 

Probably the most significant factor effecting the line width, i.e. the 

energy resolution, is the photocathode sensitivity. If all the other 

factors were negligible then the pulse height resolution would vary as the 

inverse square root of the y-ray energy as this line width contribution is 

normal (or Gaussian). The other sources of line width are not necessarily 

normal, For Y-ray energies above several hundred KeV the energy 

resolution of the NaI(T¢) detector does vary as the inverse square root
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of the y-ray energy. The resolution is also a function of the crystal 

size, Light collection at the photocathode deteriorates for larger 

crystals giving poorer resolution. Typically a 76.2 ma (3 in) diameter 

by 76.2 mm thick crystal has a resolution of 8% at 0.66 MeV. 

The response time of NaI(T €) is a function of the sodium iodide, 

the activator and the crystal temperature. The intensity n(t) ( in 

photons per sec.) in the scintillation emission is given by: 

n(t) = : 2 = - exp Cae) 

Ap AR Xp XR 

where N is the total number of photons emitted in the scintillation, and 

  

i and S are the decay time and rise time constants respectively. The 

light pulse then is described by two terms corresponding to an exponential 

rise in ligit emission and an exponential decay. Eby and Jentechke ‘27? 

measured the rise time constant for NaI(T €) at room temperature as 60 ns 

and the decay constant as 230 ns for excitation by a -particles. In 

addition to the main 0.2% 4 s decay component Robertson and ivnch\ 

observed a further decay components in Nal(T £4) excited by y -rays of 

1.58. For y-ray excitation the effective decay time constant is 

increased to about 0.35ys. Nicholson and Snelling) reported a value 

of the decay time constant for y-ray excitation of Nal(T¢) as 0.34y s. 

The relatively slow light output of NaI(T 4) is the principaé factor 

governing the photomultiplier anode pulse shape. 

In addition the sodium iodide detector is sensitive to neutrons. 

Neutrons are detected by the ionising products of a neutron reaction. 

Neutron reactions producing ionising radiation can be listed as follows: 

(i) Radiative capture, (n,y ). The product nucleus is usually 

unstable, 

(ii) Inelastic scattering, (n,n'y ).
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(iii) Charged particle emission reactions. 

(iv) The (n,2n) reaction, Detection only results if the product 

nucleus is unstable. 

The neutron. response is very energy dependent because of the variation of 

neutron reaction cross-sections with energy. It is important to consider 

the response to a wide spectrum of neutron energies because a neutron 

source spectrum can be greatly modified by detector shielding material. 

The response is considered for two wide neutron energy ranges labelled 

as follows; slow neutrons, i.e. from 0.01 eV to 0.5 MeV and fast neutrons 

i.e. from 0.5 MeV to 15 MeV. 

The slow neutron response is dominated by the radiative capture 

process. Table 2.4 gives the radiative capture cross-sections at two 

~ 

neutron energies for the crystal constituents taken from the Barn book "~), 

  

  

        
  

Table 2.1 

Element Energy 0.025 eV O.1 MeV 

o(n,y) o(n,y) 

eye 0.525b 1.3b 

ete 7.Ob 0.43b 

Te 3e5b - 

The major response is from neutron capture in the iodine. 1285 is 

formed, and because it has a large level density even for low lying 

levels, the prompt Y-ray emission consists of many y-rays due to 

cascade i aes ee between the many levels, The resulting pulse height 

spectrum is almost continuous with a maximum pulse height corresponding 

to 6.71 MeV which is the binding energy of a neutron in 126, | 

Less than 10% of the slow neutron response of Nal(T £) is due to 

capture in the sodium, The sodium capture Y-ray spectrum has been 

(33). 
observed by Groshev Many capture y-rays were observed due to 

cascade transitions between the levels of ata, Again the spectrum is
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almost continuous with a maximum energy of 6.96 MeV which is the neutron 

binding energy in alta. 

Thallium accounts for less than 0.1% of the capture Y-radiation 

because it is only present in very small quantities. 

Prompt neutron detection by inelastic scattering from the iodine 

is possible for neutrons above 0.059 MeV, Iodine has four levels that can 

be excited by neutrons below 0.5 MeV. The cross-sections for inelastic 

scattering in this energy region are smaller than for the radiative capture 

process. 

The radiative capture process with iodine and sodium results in 

a build up of long lived activity in the crystal. Neutron capture by the 

iodone produces unstable 1285 which has a 25 min half-life. It can decay 

to 128, by B emission, or by electron capture or pt emission to 1285, 

The prominent decay mode is by Bp. emission, Figure 2.1. The pulse height 

spectrum resulting from 1287 activity is sinilar to that of a usual B-decay 

spectrum. The spectrum is continuous rising to a maximum at about 1 MeV 

and falling smoothly to zero at 2.12 MeV. The maximum energy, 2.12 MeV, 

corresponds to the difference in binding energy of 128), and 128, The 

build up of activity in a Nal(T£) crystal due to the production of 1285 

is given by the activation equation, 

aN -At 
N(t) = ae ee Vp 

where N(t) is the number of active isotope nuclei present at time t, 

is the rate of production of the active isotope and Ais the decay 

constant of the isotope. For a constant neutron flux the rate of production 
zs 

1285 is constant, so the amount of 1285 present increases 

aN 
at . 

of the 

In the irradiation 

of a Nal(T £) crystal in a constant neutron flux 88% of the maximum 1285 

exponentially to a maximum value given by 

activity is produced after three half-lives exposure, i.e. 75 mine The 

capture cross-section for sodium is much smaller, but results in the



1* 25 min 

  
Figure 2.1. The decay scheme forl?8y,
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production of 15 hour half-life 2h Nas Because of the longer half-life 

the activity induced takes very much longer than the iodine to reach 

equilibrium, 

In the fast neutron energy range the radiative capture reaction 

becomes less significant. Shafroth et a (94) have shown that in Nal(T¢) 

fon neutron capture is boat he cuet for neutron energies up to about 1 MeV 

where the radiative capture cross-section for iodine is 88 mb and for sodium 

it is only 0.23 mb. The spectrum shape is essentially as for slow neutron 

capture except that the maximum pulse height corresponds to the neutron 

binding energy, 6.7 MeV in 128, plus the kinetic energy of the neutron, 

The predominant neutron detection mechanism in the fast neutron 

en) (35) 
energy range is by inelastic scattering. and Van Loef have 

studied the (n,n'y ) procéss in Nal(T ¢) crystals for neutron energies in 

the range 0.52 to 3.15 MeV. The peaks in the spectra correspond to the 

excited levels of sodium a iodine. As the neutron energy increases new 

peaks arise as higher levels are excited. For neutron energies of 10 MeV 

and higher the oulse height spectrum becomes almost continuous due to the 

large number of levels excited. Throughout the energy range the inelastic 

' scattering cross-section for iodine is larger than for sodium , Van Loef 

gives the inelastic scattering cross-sections for iodine and sodium at 

ae 
1 MeV as 1.53 and 0.4 barns respectively (only one level of ““Na can be 

excited at this neutron energy). 

At higher neutron energies charged particle reactions and the 

(n,2n) erttee become energetically possible. The cross-sections for 

the main reactions at 14.5MeV are given in table (2.2), taken from the 

(32) 
Barn book
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Table: 2.2 

z= 14.5 MeV (n,2n) (n, a ) (n,p) 

1e7, 1.3b 1 mb 230 mb 

23 
Na 20mb 180 mb 38 mb             

As at lower neutron energies neutron reactions with iodine predominate. 

Neutrons are prowptly detected by the charged particle emitting reactions 

but these reactions as in the case of the ‘n,2n) reaction cause long lived 

activity in the crystal. The most common reactions of this type are the 

(n,2n) and (n,p) reactions with the iodine. The note (n,2n) reaction 

produces 1265 which has a 15 day half life decaying to 12656 by B* emission 

and to 126, by 6 emission. The (n,p) reaction on ane dee. 

127. 

I produces Te 

which has a half life of 9.3 hours and decays to I by B emission. ‘the 

pulse height spectra due to the decay of tiese isotopes are similar in 

shape to that described for the decay of 1285. The long half-lives, 

relative to that of 1285 cause a slow build up of activity. 

Fast neutron interactions in Nal(T €)scintillator are then 

dominated by the inelastic scattering process, giving rise to prompt 

detection, but at either end of this energy range reactions take place 

introducing long lived activity into the crystal. At the lower energies 

the induced activity is mainly due to the (n,y) reaction with the iodine, 

and at the high energy end of the range the induced activity results mainly 

from the (n,2n) and (n,p) reactions with the iodine. 

2.25 The Lithium Drifted Germanium Detector 

The lithium drifted germanium, Ge(Li), detector, which is 

essentially the solid state version of the ionisation chamber, is 

increasingly used for Y~ray spectroscopy. Germanium has an atomic 

number of 32 and consequently the detector has a poor detection efficiency 

relative to NaIl(T€). Besides having a low intrinsic detection efficiency,



22. 

the efficiency of. the solid state detector further suffers because at 

present it can only be manufactured with a small sensitive volume. A 

2 
detector volume of 30 cm was the usual maximum obtainable at the time 

of the start of the project. It is also difficult to manufacture the 

detector as a coaxial cylinder, 

The general spectral response of the semi-conductor detector 

is as described for the NaI(T €) detector, However, the ratio of the 

full energy peak counts to the total spectrum counts for a mono-energetic 

Y-ray, i.e. the peak to total ratio, is rather poor because of the 

dependence of the photo-electric and pair production absorption coefficients 

on the fifth and second powers of the atomic number respectively. For 

high hay y~vrays interacting in the detector by the pair production 

process there is a high probability of both annihilation quenta escaping 

detection because of the small detector volume. Consequently the full 

energy peak is very small and both the first and second escape peaks ars 

larger than the full energy peak, 

The important advantage of the Ge(Li) detector is its excellent 

energy resolution. A 30 ae detector typically has a resolution of about 

0.5% to 0.66 MeV. ‘The excellent resolution results from the direct 

detection mechanism where simply all the charges liberated in ionisation 

are collected and in that only about 3 eV is necessary to create an 

electron-hole pair. For comparison, in the NaI(T4¢) detector 300 eV is 

required to release oe photo-electron. The resolution of the 

V¥e 

VE 
is the Y-ray energy in KeV, € is the average energy in eV necessary to 

  

semi-conductor detector is theoretically given by 2.355 where E 

create an electron-hole pair, and F is the Fano factor (0.13 to 0.16). 

The experimental resolution obtained is considerably inferior to that 

expected from the above expression mainly because of the limitations of 

the associated electronics. 

The Ge(Li) detector has a very fast response time. Typically
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pulse rise times are 20 ns making the detector ideally suited for fast 

timing applications timing from the leading edge of the pulse. 

The detector is very sensitive to neutrons, particularly fast 

neutrons. Neutrons are detected by the ionising products of a neutron 

reaction. The main detection mechanism for slow neutrons, i.e. energies 

below atout 0.5 MeV down to thermal energies, is by the radiative capture 

process, The (n,Y ) cross-section for germanium is 2.45 b for thermal 

neapeen aco} There is very little information on the variation of this 

cross-section with energy. The energy reieased in a single capture 

reaction in each of the germanium isotopes is about 9 MeV and due to the 

density of excited nuclear levels, even the low lying levels, many -y -rays 

are emitted in a single capture reaction. There are five stable isotopes 

of germanium and the capture process with 70Ge(20.6%), 7 40(36.5%) and 

76 
Ge(7.7%) gives unstable products. Of these three, the radiative capture 

70 74 (32) Ge and ‘ Ge and are 0.06b and 0.16b 

71 

cross-sectious are largest for 

respectively (weighted for isotopic abundance). Ge decays with an 

eleven day half-life by electron capture to Moa and the disintegration 

energy is 0.24 MeV. Ge decays by B emission to 7 as with en 82 min 

half-life. The disintegration energy is 1.18 MeV and 13% of the decays 

are accompanied by one or more Y~rays of total energy less than 0.63 MeV. 

Lithium is present in a very small proportion and so its contribution to 

23 
neutron detection is negligible. Ge has its first excited level at 

0.0135 MeV and has three other levels below 0.5 MeV. Neutrons exciting 

these levels by inelastic scattering can be detected by the y -rays 

73 
produced in their subsequent decay. The isotopic abundance of “Ge is 

only 7.8%. 

The main fast neutron (energies above 0.5 MeV) detection 

processes are by the (n,n'y), (n,P ) and (n,a@) reactions. All the 

germanium isotopes have closely spaced excited nuclear levels, so 

consequently very many different energy Y-rays are produced by the
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(37) inelastic scattering of neutrons of only a few MeV, Aitken and Dixon 

have studied the (n, a )reaction in germanium by bombarding a Ge(Li) detector 

with 14 MeV neutrons, The pulse height spectrum was almost continuous up 

to energies qf about 13 MeV. The spectrum extended to approximately 

yf, 
17 MeV because the Ge (n, a) Orn has a positive Q-value of 3.79 MeV. 

The pulse-~height of the recoil zinc nuclei, produced with energies around 

1 MeV by the (n,Q ) reaction, was found to be low by about 0.4 MeV. ‘There 

is very little information available on the cross-sections for these 

(32) reactions. The non-elastic cross-section has been measured as 2 barns‘ 

for 3.66 MeV neutrons, The (n,p) and (n,a@) reactions, besides causing 

prompt neutron detection, generally produce unstable reaction products, 

The (n,p) reaction on the three most abundant germanium isotopes produces 

70 72 74 
Ga, © Ga and © Ga with half-lives of 21 min, 14.1 min and 8 min 

respectively. The isotopes decay by Be emission accompanied by several 

prominent }’-rays in each case, The (n,a@) reaction on germanium can 

69,, 
produce two unstable isotopes of zinc, n and on which both decay by 

B emission with half-lives of 5.5 min and 2.5 min respectively. These 

reactions cause a build up of long lived activity in the detector following 

fast neutron bombardment. Fast neutrons can to some extent be detected 

by the recoil nucleus in an elastic scattering reaction. The recoil 

asst 
(A+1)° 

is the atomic number of the scattering nucleus and Eo is the neutron 

nucleus energy varies from zero to a maximum given by E. where A 

energye The maximum recoil nucleus energy is about 0.7 MeV for 14 MeV 

neutrons and assuming there is a detection threshold of 0.4 MeV as 

observed by Aitken??? for the recoil zinc nucleus, this process 

produces counts from zero to 0.3 MeV. 

The Ge(Li) detector is very susceptible to damage caused by 

continued exposure to fast neutrons. Fast neutrons produce crystal 

defects such as the displacement of atoms from their equilibrium sites 

leaving vacancies and interstitial atoms in the lattice. Neutron



ae 

reactions can also cause transmutation ofthe constituent nuclei. 

Radiation damage results in an appreciable worsening of the detector 

energy resolution and eventually causes a double peaking effect. Mann 

(38) 
- 

and Yntema give a figure of LO neutrone/ca” as a typical allowable 

integrated fast neutron exposure for the Ge(Li) detector. Significant 

damage was observed to set in at this dose. However, Ortec, manufacturers 

of Ge(Li) detectors, state that significant damage causing a rapid 

deterioration in energy resolution and timing characteristics is produced 

by a fast neutron exposure of only 10° nant rotiaiee. 

205s Choice of Detection System 

Both the NaIl(T €) and Ge(Li ) detectors are sensitive to 

neutrons which also cause a build up of activity in the detectors. The 

large reaction cross-sections for iodine make NaI(T£€) the more sensitive 

of the two detectors to neutrons. However, regardless of the choice of 

detector a time of flight discrimination technique must be employed to 

reduce this background to manageable proportions for the observation of 

the prompt y-rays emitted in 14 MeV neutron scattering. 

The two most significant points favouring the use of the 

Ge(Li) detector are its excellent energy resolution and fast rising output 

pulses well suited to fast timing. The energy resolution of the Ge(Li) 

detector is superior to the NaI(T €) crystal by greater than an order of 

‘magnitude and its excellent energy resolution gives the semi-conductor 

system a superior spectral response. The Ge(Li) detector's fast timing 

properties enable a shorter sample to detector flight path to be used, so 

that the detector can be brought closer to the scattering sample to subtend 

a larger solid angle at the sample (time resolution is discussed in 

section 3.3.) 

The high efficiency of the NaI(T &) crystal is its most 

favourable property. The detector manufacturers quote the peak efficiency 

3 
of a 30 cm Ge(Li) detector as being 3% that of a 76.2 mm (3"') Nal(TZ)
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crystal for a point 1.33 MeV y-ray source 250 mm from the detector face. 

The peak efficiency gives the fraction of source Y-=rays incident on the 

detector depositing all their energy in the detector (efficiency is 

discussed more fully in section 4.5). This comparative efficiency is a 

function of the solid angles subtended by the detectors and of their 

intrinsic peak efficiencies. The different detector sizes were taken 

into account and the intrinsic peak efficiency, at 1.33 MeV, of a 76.2 mm 

Nal(T ¢) crystal was estimated as 8.2 times greater than for a 30 om’Ge(Li) 

detector. 

The timing information published in the Ortec Catalogue 

suggests that a 0.5 m flight path should be possible with a 30 em? Ge(Li) 

detector. The flight path required with a Nal(T£¢) crystal depends on 

the complexity cf the electronics used to improve its poor timing 

characteristics, but a flight path of 1m to 1.5 m is usual. The product 

of the solid angle subtended at the sample by the detector and the intrinsic 

peak efficiency was used as a figure of merit and a 76.2 mm Nal(T¢ ) 

crystal was estimated as being ten times as efficient as a 30 omGe(Li) 

detector with the crystal 1 m from the sample and 4.5 times as efficient 

with the crystal 1.5 m from the sample. 

The flux of Y-rays produced by the scattering sample under 

neutron irradiation was calculated ae being very weak, so it was 

considered that high detection efficiency was of prime importance in the 

Shoice of detcotor, The data decutciton time would have to be 

increased by a factor of 5 to 10 for a 30 om? Ge(Li) detector compared 

with a 76.2 mm NaI(T¢) crystal for the same peak intensity at an 

energy of 1.33 MeV. “However, for a peak sitting on a continuous 

spectrum, fewer counts nd be required in the peak obtained with the 

Ge(Li) detector for the same experimental error, because for a sharp 

peak fewer counts have to be subtracted from the total counts in
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the region of the peak to obtain the peak -intensity. LSB -ditticult*to 

quantify this factor, however, in view of the expected very low signal 

count rate, it was considered that the improved energy resolution of the 

Ge(Li) detector would not permit a reduction of a factor of five in the 

peak intensity. Also the error in the total counts in the region of a 

peak increases as the number of counts is reduced, due to poorer spectrum 

statistics. 

Since the pair production attenuation coefficient depends on. 

the square of the atomic number (see section 2.1), the efficiency of the 

Ge(Li) detector further deteriorates at higher Y-ray energies compared 

with the Nal(T ¢) detector, 

One further disadvantage of the Ge(Li) detector is the damage 

caused by neutron exposure. For a typical source strength of 

5.10° neutrons/S, with a flight path of 500 mm and assuming that shielding 

provides a factor of 10 reduction in the neutron flux at the detector, the 

calculated time for the detector to receive an integrated exposure of 

10°n/om@ is only ~ 200 h. Although a deterioration in resolution would 

not be particularly troublesome the time resolution would deteriorate and 

this is unacceptable. After this period the detector could have its 

performance restored by having it redrifted. Neutron damage would not 

prohibit the use of the detector, but having to return the detector to 

‘the manufacturers for a period of several months for redrifting would be 

very diidoneauiedt 

It was decided to sacrifice energy resolution for high 

efficiency and a NaI(T ¢) crystal was chosen. 

As a high detection efficiency was required, particularly for 

high energy Y-rays a large crystal was necessary. Large crystals 

however have poorer energy resolution. As a compromise between 

efficiency and resolution a 76.2 mm (3 in) diameter by 76.2 mm thick 

crystal was chosen, The crystal was supplied by Nuclear Enterprises,
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2.4 The Anti-Coincidence Spectrometer 
  

The complex Y- ray response of both the NaI(T €) and Ge(Li) 

detectors would be greatly improved if only events, in which the full 

Y ~ray energy is deposited in the detector, were counted, This would be 

so if interactions by pair production, when the full y-ray energy. is not 

deposited, and by Compton scattering were rejected. This more ideal 

response can be largely achieved with the anti~coincidence spectrometer. 

(39) 
The Trail and Raboy anti-coincidence spectrometer has two 

Nal(T £) scintillators, A 61 mm diameter by 152 mm thick crystal is 

surrounded by an annular shaped scintillator measuring 63.5 mm i.d. by 

203 mm o.d. by 305 mm long. The centre crystal is viewed by a single 

photomultiplier and the annulus by six photomultipliers. Ifa y-ray 

interacts in the centre Reraked by a Compton or pair production process, a 

scattered or annhilation y-ray escaping the crystal has a high probability 

of being detected in the surrounding annulus, The outputs of the six 

annular viewing photomultipliers are summed and fed into an anti-coincidence 

circuit with a second input from the centre crystal photomultiplier; ifa 

pulse in the centre rete is coincident with an annulus pulse the centre 

detector pulse is rejected. In this way, only events in the centre crystal 

which deposit the full y-ray energy are counted, The response of the 

Trail and Raboy spectrometer to ot Na Y~-rays (1.37 and 2.75 MeV) is shown 

in Figure (2.2) and it is compared with the response of a single 89 mm 

crystal. 

Anti-coincidence spectrometers of the Trail and Raboy type have 

been used for Y~<ray detection following neutron reactions by 

Nichols et ay 640) and Ashe et ait), Morgan et ai (11) have reported 

the construction of a spectrometer with the centre crystal replaced by 

ald oie? Ge(Li) detector 

An anti-coincidence spectrometer of the above type was not 

used as the large and difficult to manufacture annular shaped
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Figure 2.2. The response of the Trail and Raboy (39) anticoineidence 

spectrometer to 2.75 MeV and 1.37 MeV gemma-rays from 24a 

compared with the response of a 3.5in crystal. 

— — Anticoincidence ‘spe ctrometer. 

----- 3.5in crystal.
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scintillator is prohibitively expensive. The use of an annulus of plastic 

scintillator instead of NaI(T¢ ) was considered as it is readily available 

with the large volume required. Plastic scintillator being an organic 

material with low Z number constituents has a very poor Y-~-ray detection 

efficiency and therefore it has a reduced probability of detecting the 

Compton scattered and annihilation y-rays escaping the centre crystal. 

Plastic scintillator is an efficient detector of fast neutrons and as the 

Y ~rays of interest were accompanied by a large neutron background the 

probatility of a full energy y-ray pulse from the centre crystal being 

coincident with a neutron background event in the annulus is enhanced and 

if it cannot be shielded adequately it is best not to have it. The use 

of an anti-coincidence annulus requires using a small diameter centre 

crystal which has a lower detection efficiency and low spectrum counts was 

a particular handicap of the present work, For these reasons the use of 

a single 76.2 mm Nal(T¢) scintillator was considered the most satisfactory. 

Zep Sodium Iodide Scintillation Detector Design 

The factors for consideration in the design of the scintillation 

detector are the crystal size, choice of photomultiplier tube and the 

environment. As discussed above, for the present work, a 76.2 mm diameter 

by 76.2 mm thick crystal was chosen. The type of photomultiplier used is 

governed by the particular experimental requirements. 

Photomultiplier tubes employing the venetian blind or box and 

grid dynode structures are generally preferred for y-ray spectrometry 

as they give the best pulse height resolution. However, for a Y ray 

and neutron time of flight measurements, a suitable photomultiplier tube 

must have a fast transit time with good time resolution, This requirement 

limits the choice of tube to one with a focused dynode structure as this 

type has a much smaller spread in electron transit time than both the 

venetian blind and box and grid structures. ‘There is a rary limited 

variety of focused tubes manufactured, A 76.2 mm diameter photocathode
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tube is not manufactured and the nearest size available is a slightly 

smaller 50.8 mm diameter tube. ‘The tube used was a Philip's 56 AVP. 

This is a high gain linear focused tube with excellent time resolution !. 

having an electron transit time spread of less than 0.5 ns. 

To ensure maximum light collection by the photocathode great 

care must be taken with the optics of the system. As the crystal used 

had a larger diameter than the photomultiplier tube a light pipe was 

constructed to make an efficient optical coupling. 

in designing a light guide it is important to minimize light 

loss, which occurs in two ways (i) by absorption in the guide and 

(ii) through the sides of the guide, Light absorption is usually only 

Significant for light pipes greater than about half a metre. No light is 

lost through the sides of a guide for transmission by total internal 

reflection. In the construction of a guide converging from the crystal. 

to the phototube, the angle of convergence should be kept as small as 

possible so as to encourage total internal reflection. The sides of the 

guide must.be regular and highly polished. 

Perspex was chosen as a suitable material for the construction 

of the light pipe. It has a reasonably low absorption for blue light 

and is easy to machine. A 76.2 mm diameter rod of perspex was machined 

on a lathe so that it tapered at one end to a diameter of 46 mm. The 

‘angle of convergence was 9° which was the minimum angle possible with the 

lathe used. The light pipe was 100 mm long. Great care was taken in 

the polishing of the guide so as to limit light loss. The machined 

surfaces were polished with progressively finer grades of abrasive paper. 

The initial polishing was done on a lathe, but the final polishing using 

very fine abrasive paper down to perspex polish was done by hand. 

eircuntersietal ridges cause a marked deterioration in the performance of 

a light pipe and care was taken in the polishing to avoid them, 

If a guide functions correctly,any reflective coating applied
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to the surface would be redundant. In the case of a converging guide 

some light must inevitable strike the surface at an angle less than the 

critical angle, so that in this case a reflective coating would prove 

advantageous. For this reason the sides of the guide were coated with 

titanium dioxide reflecting pdint. The reflectivity of titanium dioxide 

Ce. At has been compared with that of evaporated aluminium by Swank 

wavelengths above about 400 nm titanium dioxide is the better reflector, 

but its relative efficiency falls off at shorter wavelengths, The 

emission spectrum of NaI(T¢) at room temperature extends from 350 ™™ to 

500 nm peaking at 420 note? so that titanium dioxide is a suitable 

reflector, 

The performance of photomultiplier tubes is sensitive to 

magnetic fields. Tubes with a focused dynode structure are particularly 

sensitive to magnetic fields. The effect has been reported by 

(ile) (45) 
Engstrom and Connor They have shown that even weak magnetic 

fields can cause a marked reduction in gain. The earth's magnetic field 

is not usually troublesome if the tube is operated in a fixed position 

throughout an experiment. In the present work it was required to rotate 

the detector about the sample so that shielding from the earth's field was 

essential for stable performance, 

The electron trajectories from the cathode to the first dynode 

are most sensitive to magnetic fields. The photomultiplier tube was 

therefore placed inside a cylindrical mu~metal magnetic shield so that 

the first dynode stages and the photocathode were adequately shielded. 

The magnetic shield completely corrected a reduction in gain greater than 

ten per cent observed when the macector was rotated about the scattering 

sample. The use of a mu~metal shield, besides giving optimum tube gain, 

gives minimum transit time spread. 

The construction of the detector assembly and housing is shown 

in Figure 2.3. The optical contacts between the crystal, light pipe and



Figure 2.3 The gamma-ray scintillation detector. 

  

 



226 

photomultiplier were made with non-drying silicon. immersion oil. The 

detector assembly can window was made of thin aluminium sheet, 0.28 mm 

thick, so as to absorb very little incident Y -radiation. Many 

investigations have been made of the temperature dependence of 

(46) photomultipliers. More recently, Murray and Manning have shown that 

at temperatures near room temperature there is a decrease in photomultiplier 

sensitivity with an increase in temperature, The high gain focused tube 

used in the detector required a large dynode chain current. The heat - 

dissipated ty the dynode resistors was nearly ten watts. As shown in 

Figure 2.3 the voltage divider chain was not mounted directly onto the base 

of the photomultiplier but screened from the tube to avoid any rise in 

temperature of the tube, 

The detector performance is described in section 3.72 after 

the associated electronics has been described. 

2.6. Detector Shielding 

Pete Le Neutron Shielding Principles and Materials Used 
  

Adequate detector shielding is essential because of the sensitivity 

of NaI(T €) scintillator to neutrons, an measure of detector shielding 

from a neutron source is provided by the use of a "shadow bar", This 

reduces the number of source neutrons incident on the detector, but 

neutrons are also scattered into the detector from the floor and walls of 

‘a room, so that the shield must subtend a large solid angle at the 

detector. In the present work the source was a point source of 14 MeV 

neutrons, so that the detector had to be shielded from the direct flux 

of 14 MeV neutrons and from the scattered neutrons of lower energies, 

A shield should attenuate fast neutrons producing a minimum 

of secondary penetrating Y ~radiation and without causing a build up 

of activity in the shielding material. Only slow neutrons (0 to 1000 eV) 

are easily captured. Fast neutrons (above 0.5 MeV) must, therefore, be 

slowed down, or moderated, before they can be efficiently absorbed,



one 

A neutron shield then has three stages of operation which can be listed 

as follows: 

(i) moderation of fast neutrons 

(ii) absorption of slow neutrons 

(iii) absorption of secondary penetrating radiation, e.g. Y -rays. 

, The only way to moderate fast neutrons is to cause them to lose 

energy in a large number of scattering collisions, by placing a sufficient 

thickness of material in their path. Fast neutrons may lose energy by 

inelastic scattering, exciting the scattering nucleus which subsequently 

emits Y-~radiation from which the detector must be shielded. They may 

also lose energy by elastic scattering, and this is essentially the only 

process by which slow and intermediate (1 to 500 KeV) neutrons can be 

moderated. The energy lost by the neutron appears as translational energy 

transferred to the scattering nucleus. The average loss of energy in an 

elastic collision is greatest when a neutron is scattered by a hydrogen 

nucleus, and least for the heaviest nuclei. This follows from the laws 

of mechanics, Hydrogenous material is the most efficient fast neutron 

moderator and as the inelastic scattering process does not occur with 

hydrogen it has a low secondary Y -ray production, The elastic scattering 

cross-section for hydrogen is relatively large but decreases with 

increasing neutron energy. Suitable hydrogenous materials are water 

and paraffin wax, Paraffin wax was chosen as the moderate for CHon42 . 

the shield used in the present work to avoid the construction of a 

suitably shaped leak proof water tank, In using paraffin wax inelastic 

scattering by carbon produces 4.43 MeV Y-rays, but the cross-section 

for this reaction is very much less than for elastic scattering by 

hydrogen and carbon. 

Materials suitable for the absorption of neeetad neutrons 

should have the following three properties: (i) a large neutron 

cross-section for the absorbing reaction, (ii) easily shieldable reaction
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products such as Q-eparticles and f -particles and (iii) a stable 

reaction product nucleus or if the nucleus is unstable it should decay 

without the emission of penetrating Y-eradiation. There are three 

widely used materials for slow neutron absorption. They are cadmium, 

lithium. and boron. 

Cadmium is a very efficient neutron absorber in the energy 

range 0.01 eV to 1 eV. The absorption is by radiative capture but the 

many hard Y e-rays emitted in a single capture process make it 

unacceptable for use in a neutron shield requiring a low y «ray 

background. 

Both lithium, Li, and boron, B,have large cross-sections for 

the (n,a@) reactions The (n,q ) reaction on 614 meets the above 

requirements producing potbiun 7H, without Y emission. The unstable 

tritium decays, by § -emission with a 12.3 year half life, to helium 

again withoat Yy-emission. The cross-section for the Or (n,o 7x 

reaction is 945 barns at thermal neutron energies (0.025 eV) and varies 

as the inverse of the neutron velocity to 2.5 barns at 10" Oe wa 

disadvantage of the use of lithium is that Gri has an isotopic abundance 

of only 7.495. The (n,y ) and neutron scattering cross-sections for 

natural lithium are negligible in comparison. 

The (n,a@ ) reaction cross-section on 10, is 3,840 barns for 

0.025 eV neutrons and varies as the inverse of the neutron velocity to 

6 barns for 104 eV neutrons. This is the dominant neutron reaction on 

natural boron in this energy range ,1°R has an isotopic abundance of 

19.7%. The product nucleus for the (n, & ) reaction is "4 which is 

stable, but in 94% of the reactions the nucleus is formed in an excited 

state giving rise to a 0.474 MeV Y -ray. 

For handling and constructional reasons boron and lithium are 

generally used in the form of a compound. Some suitable compounds are 

lithium carbonate Tile» borax Na B,, 0, 1OH,O, and boric oxide B.O,. 
e472 2
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The slow neutron absorber can either be a separate layer of the shield 

between the moderator and detector or it can be mixed in with the moderator. 

The later case tends to cause a reduction in capture processes with the 

moderator material, Thermal neutron capture by hydrogen produces a single 

Y ~ray of 2.c3 MeV. The cross-section for this reaction is 330 mb for 

(41) 
thermal neutrons. Ashe et al. mixed lithium carbonate with paraffin 

wax, but a mixture must be rich in lithium carbonate for a substantial 

reduction in y-radiation from neutron capture in the hydrogen. However 

this piaudee the density of hydrogen in the shield and consequently the 

neutron shield is less efficient per unit thickness, As the shield used 

for the present work had to be mobile for Y-ray angular distribution 

measurements it was decided to use pure paraffin wax with a layer of 

suitable boron compound eoowens the moderator and the detector, A boron 

compound was chosen in preference to a lithium compound because of the 

larger cross-section and isotopic abundance of the relevant isotope. boric 

oxide was used as it has the largest proportion of boron of all the readily 

available compounds. The 0.47 MeV y~ray produced in the sO Re La 

reaction can largely be absorbed by the y-ray shield. 

The innermost part of a shield consists of a suitable y-ray 

absorbing material. Invariably lead is used for this purpose because 

of its density and high atomic number, It shields the detector from 

Y ~rays produced by reactions in the shielding material and from the 

general y~ray background. 

2.012. Shield Construction 

A cross-section of the constructed shield is shown in 

Figure (2.4). A limiting factor in the construction of the shield was 

the fact that it had to be mobile, This tended to limit the size and 

weight. The weight of the assembled shield was about 225 keg. The lead 

Y -ray shield was 55 mm thick at the side of the Setector and had a 

maximum thickness of 125 mm in front of the crystal. The attenuation
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of y-rays by lead is a function of Yy -ray energy. Figure (2.5) 

shows the thickness of lead required to attenuate a Y -ray flux by 

a half. It was calculated from absorption coefficients tabulated by 

Grodatein**”’, The half thickness values were calculated by the simple 

.exponential absorption law and assumed that scattered Y ~-rays, degraded 

in energy, do not reach the detector. The curve shows that 3.5 MeV 

Y ~rays are the most panetrating. The half thickness in this case is 

15 mm so that the minimum thickness of lead was nearly four times the 

half thickness value. 

The lead shield was surrounded by a 20 mm thick slow neutron 

shield. ‘This consisted of a double walled cylinder made from tin plated 

iron sheet, packed with boric oxide powder. The vessel was sealed off 

at both ends. The boric oxide powder was packed into the vessel with an 

effective density of 1200 kg mn? (boric oxide has a density of 1,840 kg m”>), 

This thickness of boric oxide absorbs 100% of a neutron flux up toa 

neutron energy of about 1 eV. Figure (2.6) shows the fraction of 

neutrons absorbed by the (n, a ) reaction in the neutron energy range 

0.1 eV to 10 KeV for the shield used. The cross-section values used to 

calculate this curve were taken from the Barn book’ 32) , 

The moderator consisted of pararetn wax with a thickness of 

150 mm to the side of the crystal ana a maximum thickness of 300 mm in 

front of the crystal. The front of the shield was tapered so as to 

subtend a.smaller solid angle at the neutron source. Kreger and 

Mathur’ 8) state that 200 mm of paraffin is considered enough to absorb 

most high energy neutrons. The collimator of the neutron shield also 

contained a lining of boric oxide powder to absorb thermal neutrons. 

The boric oxide was packed into a sealed double walled cylinder and had 

a thickness of 15 mm. A steel frame was imbedded in the wax to support 

the lead and boric oxide shields, preventing them from sinking into the 

waxe Figure 2.7 shows the shield mounted on its mobile stand.
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Figure 2.5. The half-thickness of lead vs. gamma-ray energy.
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A further measure of shielding was provided by the use of 

a shadow bar. Neutron target shadow bars are usually made of a heavy 

metal or in some cases hydrogenous material. The elastic differential 

cross-sections for heavy metals are very sharply forward peaked and for 

attenuation purposes the entire elastic cross-section can be neglected. 

The non-elastic processes either absorb or degrade in energy the incident 

neutrons, but generally produce hard Y-rays in doing soe Hydrogen, 

however, provides on average a 50% energy degradation per elastic 

collision and it is more appropriate in this case to use the total elastic 

cross-section for attenuation estimates. Materials suitable for shadow 

bars have been investigated by Hopkins et ar #9) | They compared the 

macroscopic non-elastic cross-sections for several metals and the total 

macroscopic cross-section for hydrogen in polythene over the range 0. 5 to 

20 MeV. For neutrons above 6 MeV materials in order of merit were 

tungsten, copper, iron, lead and polythere. (For lower neutron energies 

polythene was the most efficient). It was decided to use iron as it is 

more easily obtainable than the other materials and it is also a very good 

y «ray shielding material. Thus secondary Yy ~rays produced by neutron 

interactions in the iron are well shielded. The shadow bar was a regular 

block of mild steel measuring 129 mm square by 385 mm long. The 14 MeV 

(32) | Therefore 9% of non-elastic cross-section for iron is 1.5 barns 

“neutrons travelling the length of the bar will be absorbed or attenuated. 

226036 Efficiency Test of the Shield 

To test the effiency of the shielding the following experiment 

was carried out. The detector was placed 14 m from the 14 MeV neutron 

source. The shielded detector was positioned so that the source was off 

the axis of the detector, i.e. the source was out of the line of vision 

of the collimated detector. The detector response was recorded for a 

fixed neutron yield for the following three. cases (i) with full shielding, 

(ii) with the shadow bar removed, (iii) with no shielding at all. The
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three spectra obtained are shown in Figure (2.8). The response was 

recorded for Y-eray energies from 0 to 5 MeV. Curves labelled A, B 

and C correspond to the above cases in the stated order. The neutron 

shield gave ‘a 75% to 80% reduction in counts, but with the shadow bar 

this was improved to a 90% reduction. In the shielded cases the spectra 

vary smoothly except for peaks at 0.47 and 2025 MeV Y -ray energies. 

The lower energy peak results from the a (n, a )“ireaction. The 

2e23 MeV peak results from slow neutron capture by hydrogen, though this 

peak was present, but not as pronounced, in the unshielded case showing 

that a Yeray of this energy was present in the general room background. 

A source of Y rays of this energy was the wooden beams and water tank 

serving as shielding above the neutron target. The above spectra show 

the prompt neutron response. The spectra were recorded in short runs 

before the crystal had time to become active.



Counts 

  
Figure 2.8. The prompt neutron induced background in the 

gamma=ray detector with various degrees of shielding.
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CHAPTER 3 

THE EXPERIMENTAL METHOD 

O gales The Time of Flight Discrimination Technique 

Neutron velocity measurement is a well known method of neutron 

spectroscopy. The neutron's energy is determined by measuring its flight 

time over a fixed flight path. The application of time of flight 

techniques to the separation of y-ray and neutron events, in the 

observation of Yy~-rays produced by neutron inelastic scattering, was 

first suggested by Granbere *?; 

To measure a time interval, t, each end of the time interval 

must be precisely defined, i.e. a start and a stop signal must be obtained 

for each neutron of interest. To illustrate the precision required in 

these timing experiments the flight times per metre of 14 MeV neutrons aad 

Y -rays are 19.3 ns and 3.34 ns respectively. Therefore, with a 1m 

flight path the time separation of elastically scattered neutrons and 

Yy -reys is approximately 16 ns. 

There are two different approaches possible to neutron time- 

of-flight measurements with low energy accelerators, These methods, 

which are called the pulsed beam method and the associated particle 

method, differ in the manner in which the start pulse is obtained. In 

each case the vie Signal is produced when a y-ray or neutron is 

detected, The time interval between the start and stop pulses is 

measured electronically. 

The application of the time of flight method to y -ray 

detection following fast neutron inelastic scattering brings about a 

marked improvement in the signal to background ratio. Essentially 

Y ~ray detector events are only stored if the radiation arrives at 

the detector in a certain short time interval after the production of
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the incident neutron, In this way neutrons scattered into the detector 

by the sample are not detected as they arrive after the y ~rays and 

also the time independent background is reduced. 

Daleks The Pulsed Beam Method 
  

This is the most common method used for time of flight work 

with low energy accelerators in the production of neutrons by positive ion 

bombardment of a target. The time of origin of the neutron is defined 

with a small time uncertainty, Sty, by pulsing the accelerator ion beam 

so that the target is exposed to short ion bursts of duration St The b° 

two main methods of ion beam pulsing are beam chopping and bunching. 

In the beam chopping method a steady beam is passed between a 

pair of deflection plates, A high frequency, high voltage signal is 

supplied to the deflection meee so that the beam is swept rapidly across 

an aperture in front of the target. Typically a 5 MHz signal, with a 

peak voltage of several kilovolts is used to sweep the beam. With this 

eth g neutron bursts of one or two nanoseconds duration can be produced. 

The method has the advantage that in addition to defining the production 

time of a neutron to within 1 ns., it provides a time interval of ~ 100 ns 

during which the beam is held off the target for the scattering and 

possible subsequent detection of a Y~ray or neutron. A disadvantage of 

this method is the low duty cycle which can be as low as 1%. This method 

(50). (7) 
was largely developed by Cranberg The Texas Nuclear group used 

Cranberg's method to pulse a 2 MeV Van de Graaff accelerator, (the sweeping 

frequency was 2.54 MHz ), for their Y-ray work with 15 MeV neutrons. 

The beam chopping method described above is of the post- 

acceleration type. Pre-acceleration beam pulsing has been developed 

(51) (52) at the Oak Ridge and Brookhaven laboratories. In the 

pre-acceleration method the beam is chopped before it leaves the high 

voltage terminal of an electrostatic accelerator. This method is more 

efficient and greater ion burst peak currents are achieved, but the
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duration of the bursts 4g longer than for post acceleration beam chopping. 

Very intense short ion bursts can be produced by the ion 

bunching technique. First the beam is chopped by either the pre or 

post-acceleration methods to produce relatively long ion bursts of about 

30 ns duration. The ion bursts are then bunched into intense short bursts 

of about 1 ns duration by either a Mobley-type eamet Oo? or a Klystron 

buncher. Stelson et a 6") have described a kKlystron buncher for use with 

a Cockroft-Walton accelerator. In this system a 250y A deuteron beam is 

chopped into bursts of 30 ns duration at a frequency of 4.5 MHz. The beam 

is then velocity modulated in a klystron tube to less than 2 ns duration 

. With a peak pulse intensity of between 3mA and 4mA, 

Zele2 thé Associated Particle Method 

This method is not as generally applicable as the pulsed beam 

method and can only be used with the 3u(a,n) ‘He and @u(d,n)He neutron 

producing reactions, In these positive Q-value reactions neutron production 

is accompanied by an energetic helium particle, The instant of production 

of the source neutron is defined by detecting the associated helium 

particle, i.e. the neutron start pulse is given by the detection of the 

“helium particle which can be detected with 100% efficiency. The angle 

between the helium particle and the neutron is fixed by momentum and energy 

considerations. Consequently the solid angle subtended at the target by 

the helium particle detector defines a corresponding cone of useful 

neutrons. It is considerably more difficult experimentally to use the 

associated particle method with the lower Q-value (3.26 MeV) D,D reaction 

because the He particles produced have low energies. The target 

geometry must be carefully designed so that the helium particles can 

escape the target. The helium particles have also to be separated from 

Fue scattered deuterons, which may have comparable energies to the 

particles in the case of the D,D reaction. 

In the D,T reaction the uncertainty in the neutron production
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time is usually less than 1 ns, The timing uncertainty is a function 

of the energy loss of the Q-particles in escaping the target and the 

time resolution of the M -particle detector. The associated particle 

method has two distinct advantages: (i) a d.c. accelerator beam is 

used; and (ii) with the scattering sample positioned so that it subtends 

all of the defined neutron beam, a neutron start pulse is only obtained 

when a neutron penetrates the sample and this gives an excellent signal 

to background ratio. A disadvantage of the method is the low neutron 

yield which is restricted by the high count rate in the Q-particle 

detector. 

The first reported work using the D,T associated particle 

(55) method was by Scherrer et al 4. 0Ut they were unable to separate 

scattered neutrons from y-rays produced in the sample. The method 

(14) has been used by Martin and Stewart to observe Y-rays in the 

inelastic scattering of 14 MeV neutrons. 

The factor of prime importance in the pulsed beam method is 

that the target current burst should have a high peak value to give a 

workable ywray signal to background ratio. The production of intense, 

“approximately 1 ns, ion bursts requires sophisticated apparatus. As 

neither space nor facilities were available for the present work, the 

only feasible time of flight discrimination technique was the associated 

particle method and this method was adopted. 

Dione : The Experimental Arrangement for the Associated Particle Method 

In this section the particle accelerator, the neutron 

producing target with the alpha-particle detection system and the 

experimental geometry are described. 

Sas The SAMES Accelerator 

A titanium tritide target was bombarded with 140 KeV deuterons 

produced by a SAMES type J accelerator, illustrated in Figure 3.1. The 

SAMES electrostatic generator is housed in a hermetically sealed unit in
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a hydrogen atmosphere at 15 atmospheres pressure. The generator can 

deliver 2mA at +150 kV with a stability of 1%. The accelerator ion source 

is a 100 MHz radio-frequency source supplied with deuterium gas through a 

palladium leak. The maximum output current from the ion source is 0.6mA 

and is extracted by a potential variable from 0 to +6 kV. The extracted 

beam has a two stage potential drop to earth potential; the intermediate 

potential, the focus electrode, is adjustable from O to +50 kV, The power 

for the focus lens is provided by an oil immersed Cockroft-lialton generator 

eased inside the high voltage terminal of the accelerator. The control 

of the ion source deuterium gas leak, beam extraction and beam focusing 

inside the high voltage terminal is via 150 kV isolation transformers, 

Deliece The beam tube and target assembly 
  

Due to the limited space available in the laboratory a long beam 

tube had to be used to bypass other experiimental facilities, The beam tube 

was made in~2m section of 101.6mm(4 in) diameter brass pipe bolted together 

with O-ring seals between the end flanges to make good vacuum seals. The 

beam tube was evacuated to a pressure of 0.27 —— (2.107° torr). The 

main pumping stage was part of the SAMES, but because of the volume of 

the drift tube, an auxiliary stage was provided at the target end of the 

tube. The pumps consisted of backed oil diffusion pumps with liquid 

nitrogen refrigerated baffles. A liquid nitrogen cold finger was positioned 

above the auxiliary pumping stage to maintain a good vacuum in the target 

assembly and to stop oil etc., depositing on the target. 

Extra beam focusing was required because of the length of the 

beam tube, A pair of electrostatic quadrupole lenses wes used to focus 

the beam. The focusing has been described by Beyfham >, Figure 3.2. 

shows the beam tube length and the positioning of the lenses. The 

quadrupoles gave optimum focusing with potentials of . 2.2 kV. A pair 

of electrostatic deflector plates, shown in Figure 3.2 enabled the target 

current to be optimized (a typical deflector plate voltage was 500 V)e
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The 90° branched, stainless steel target assembly was supplied 

by Multivolt Ltd., and it housed an annular shaped target that could be 

rotated at 60 r.p.m. by a small electric motor, The target, 143 mm o.d. 

and 31,.8mm wide, originally had 6.2 mCi of tritium per mm , though due 

_to previous use it was not very uniform, The titanium tritide layer 

was 2,000 nm thick and was backed by a thin copper plate. The target 

assembly is shown in Figure 3.53. The area of the target bombarded by 

the beam was restricted by an aperture plate to define a small diameter, 

approximately point neutron source. The aperture plate was split, see 

Figure 3.3., to enable efficient pumping of the target assembly. The 

target and diaphragm were water cooled. Typical target and diaphragm 

currents were only 1yA and 1lOy A respectively. 

Energetic positively charged deuterons eject electrons from 

the target and diaphragm. To prevent these electrons back streaming 

to the accelerator the diaphragm and target were self-suppressed, i.e. 

the electrons were prevented from escaping the target and diaphragm by 

raising the target and diaphragm potentials to +200 volts. As shown 

in Figure 3.3,the target, the aperture flange and the main beam tube 

were insulated by araldite spacing flanges so as to maintain the suppresion 

potentials which were produced by taking the target and diaphragm 

currents to earth via large resistors, Microammeters in series with 

the diaphragm and target suppression resistors enabled the currents to 

be monitored. However, the meter readings could not be taken as the 

absolute currents, as the target and diaphragm were each found to have 

a 20 MQ coupling to earth through the cooling water supplies. 

The alpha-particle detector was positioned in the arm of the 

target assembly at right angles to the main beam tube. 

eee The Alpha~Particle Detector 

Alpha~particles being heavy, doubly charged particles are 

highly ionising and can be detected with 100% efficiency. Hither a
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scintillation detector or a semi-conductor detector can be used. For 

the present application the detector must have the following three 

properties: 

(i) an excellent Q-particle detection efficiency, 

(31) a low neutron and y ~ray detection efficiency, 

(435). a fast response time for nanosecond time of flight measurements. 

Organic plastic scintillator NE 102a, closely meets these 

requirements, It is readily available in thin sheets, thus having a 

low neutron detection efficiency and being an organic material with low 

4 number constituents it is an inefficient y-ray detector. Plastic 

scintillator has a very fast response time; its time decay constant is 

2 ns, so Sand in conjunction with a focused dynode tube with a small 

transit time spread it meets the timing requirements, 

The silicon surface barrier semi-conductor detector is widely 

used for alpha-particle detection in the D,T reaction. It has a 

relatively low response to both neutrons and Y -rays and has a fast 

response time, 

Of these detectors there are two advantages in using plastic 

scintillator in preference to the silicon surface barrier detector. 

The use of plastic scintillator with a high gain focused photomultiplier 

tube dispenses with a pulse amplifier which is required with the 

semi-conductor detector, Secondly the scintillation detector is less 

sensitive to radiation damage than the semi~conductor detector, 

Radiation damage in the semi-conductor detector is mainly due to 

Q ~particles which are a hundred to a thousand times more damaging than 

(38) fast neutrons. Mann and Yntema state that an integrated alpha 

particle flux of 10° per oe causes significant damage to the silicon 

surface barrier detector. For a detector placed 90 mm from a source 

7 producing 10° neutrons per second the allowable alpha-particle exposure 

suggested by Mann and Yntema is reached in only 280 h. To reduce the
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scintillation efficiency of plastic scintillator by a half, Rozman 

(57) 
and Zimmer give a value of 6.10° iu for the energy of the incident 

Q® ~radiation dissipated per unit volume, Under the same conditions as 

described for the semi-conductor detector, plastic scintillator would : 

receive this dose after 6, ale oer « Significant change in plastic 

scintillator light output is not expected after 10" h exposure; this 

value was calculated from the results of Birk's work on anthracene and 

using his estimate that plastic scintillator has a radiation stability of 

fifty times that of anthracene. 

Plastic scintillator was chosen in preference to the semi- 

conductor detector for the present work. The scintillator used was 

Nuclear Enterprise's type N.E. 102A. The sensitivity of plastic 

scintillator to neutrons and y~rays is discussed in section 4.4, 

. In the D,T reaction the alpha particles emitted at 90° to the 

deuteron beam have an energy of approximately 3.5 MeV, (section 4.2.4). 

The range of a 3.5 MeV alpha-particle in NE 102A is 0.025 mm (teken from 

the manufacturer's data sheet), so this thickness of plastic scintillator 

would be 100% efficient. The scintillator used was 0.5 mm thick as 

NE 102A sheet of this thickness was at yard, A Philip's 56 AVP 

photomultiplier tube was used, The tube has a transit time spread of 

less than 0.5 ns making it ideal for fast timing work. 

To avoid the problem of housing the photomultiplier tube inside 

the evacuated target assembly a similar system to that reported by 

omnei11 9? was used. The thin plastic scintillator sheet was attached 

to a perspex light pipe with the perspex light pipe forming the vacuum 

sealing flange. The photomultiplier viewed the side of the perspex 

flange outside the vacuum system. Figure 3.4 shows the alpha-detector 

arrangement. The scintillator was positioned 90 mm from the centre of 

the target, i.e. the neutron source point of the target. The 

scintillator was 30 mm square and it was attached to the perspex flange
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by NE 580 optical cement which is a clear colourless epoxy resin having 

a refractive index close to that of NE 102A (WU =1.58). An O-ring 

vacuum seal was made between the 12.7 mm thick perspex flange and the 

target assembly flange. The photomultiplier was spring loaded onto the 

flange using silicon immersion oil to make a good optical contact between 

the perspex flange and the photocathode, The base flange of the 

a -detector system was insulated from the main body of the detector and 

target assembly by using insulating spacers and nylon bolts. This was 

to keep the base flange at earth potential as the target assembly was 

self suppressed and its potential rose to about +200 volts under deuteron 

bombardment. 

Sites Aipha-Detector Shielding 
  

The aiphactaveakes had to be shielded from two sources of 

radiation. These weve B's emitted by the tritium target and deuterons 

scattered by the target. 

Tritium is unstable and decays by B emission with a 12.3 year 

half-life to Fie; the decay is unaccompenied by Y-ray emission. The 

total energy released is 18.6 KeV and this represents the maximum | 

B -particle energy, though the average # ~-particle energy is 5.7 KeV. 

The target with 0.62 Ci cn @ emitted an intense flux of # -particles. 

Although the @ -particles were of a much lower energy than the 

Q -particles of interest and could have been discriminated, they would 

have caused an exceptionally high count rate in the photomultiplier being 

detected with a 100% efficiency. The range of 18.6 KeV f-particles 

(60) in aluminium is 0.0022 mm so this thickness of aluminium would 

completely shield the plastic scintillator. 

Deuterons scattered through 90° into the alpha-detector have 

an energy less than 140 KeV. Data on the range of deuterons in aluminiun 

can be obtained by scaling proton range data. The range, R,(E); of a 

deuteron of energy, E, and mass, Mss is given by:
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| : nD 

R,(E) = — R ( 8) 
d mt, PAR 

- 

where m is the proton mass and R is the proton range, i.e. the deuteron 

range is twice the range of a proton with the same velocity. Mean proton 

ranges in aluminium have been tabulated by Whaling °©2), A 100 KeV 

proton has a range in aluminium of 0.26 me/om® (minimum proton energy 

tabulated), so a 200 KeV deuteron has a range in aluminium of 0.52 mg/om@ 

(0.002 mm). 

An aluminium foil was used to shield the scintillator from both 

sources of radiation. The foil used was 0.0044 mm thick. ‘This 

completely shielded the Acs and deuterons but did not stop the 

‘a ~particles. The range of a 3.5 MeV q -particle in aluminium is 

4.5 me/ont (0.017 mn)°2, An added advantage of the foil was that it 

made the scintillator light tight. 

The exposed area of the Q -scintillator was restricted by an 

aperture plate placed directly in front of the scintillator in a slot in 

the target assembly flange. The aperture plate was 1.5 mm thick with 

a rectangular hole cut out of its centre so that only an area 24.5 mm by 

12.6 mm of the scintillator was exposed to q -particles. This limited 

the angular acceptance of a=particles in the horizontal plane to 

ais 4°, so the effective scintillator width was then 12.6 mm. The 

Q -detector safer iatoy light pipe, aperture plate and photomultiplier 

are shown in Figure 3.5. 

Beebe Scattering Sample Position 

The angular range of the neutrons, corresponding to the 

alpha~particles detected at 90° - 4° to the deuteron beam, was calculated 

by the principles of energy and momentum conservation. From the results 

given in section 4,2, the 8° « -detector defined a cone of neutrons 

extending from 78° to 92° to the deuteron beam direction (in the
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laboratory frame of reference)... The most intense part of the neutron 

beam was at an angle of 83° to the deuteron beam direction so the 

scattering sample was centred on this angle. The variation of the neutron 

yield with angle is discussed in detail in section 4.2. 

The scattering sample was positioned so that it completely 

intercepted the neutron beam defined by the associated alpha-particles, 

As the defined neutron cone diverged from the target the required sample 

size depended on the neutron target to sample distance. Withdrawing the 

sample from the target has the advantage that the y -ray detector can be 

more efficiently screened from the neutron source by the shadow bar, 

particularly at forward scattering angles, thus reducing the random 

background. A shadow bar should not only shadow the y -ray detector, 

but it should also shield the throat of the collimator from the source 

and this requires a source to sample distance of at least 150 mm. As 4 

compromise between efficient shielding and large sample size the scattering 

sample was positioned 250 mm from the target, At this distance the 

cross~sectional area of the neutron beam , defined by the Sin -detector, 

was 68 mm high’ by about 50 mm wide. 

The position of the sample spot 250 mm from the target at an 

angle of 83° to the beam was located by a positioning jig which was bolted 

onto the target assembly main beam tube flange. The jig had a pointer 

‘which located the sample position to within 1 mm, The target assembly 

was bolted to the shielding roof above the target so that the sample 

position was permanently fixed. 

The sample stand had a steel base fixed to the laboratory floor. 

The sample platform was a flat brass disc 57 mm in diameter and 1.8 mm thick 

and it was soldered to a 25.4 mm diameter brass tube. The brass tube 

fitted into the steel base and the height of the sample platform was 

adjustable, Small brass stops were slotted into holes in the sample 

platform enabling the scattering sample to be replaced in exactly the
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required position. Figure 3.6 shows the target assembly with a 

scattering sample in position. 

The shielded y-ray detector was mounted on wheels. An 

aluminium beam vertically below the detector and parallel to the axis of 

the collimator was clamped to a bearing on the base of the sample stand 

enabling the shielded detector to be rotated about the sample, Figure 2.7. 

The face of the Nal(T¢ ) crystal was then positioned 1.39 m from the centre 

of the scattering sample platform, Figure 3.7 shows a plan view, in the 

reaction plane, of the target, scattering sample and Y~ray detector. 

Due to the limited experimental area available in the laboratory, 

the scattering angle range was limited to angles between 0° and 90°. The 

scattering angle was calibrated over this range by means of an extra 

attachment to the sample positioning jig. A horizontal arm was pivoted 

on the jig; the pivot was at the sample wosition. The arm was set at 

a given scattering angle by means of a protractor and then the collimator 

of the detector shield was aligned with the arm using a telescope inside 

the collimator. When the collimator was aligned the scattering angle 

was marked on the laboratory floor. In this way the detector position 

was calibrated from 0° to 90°. 

52.0. Laboratory Shielding 
  

Adequate shielding of personnel was provided from the neutron 

source by means of bonorete shielding walls. The neutron source 

strength was o t0" neutrons es? but in the shielding considerations 

this was increased by a factor of five. A dose of 2.5 m rem nt is one 

maximum permissible level, 1 m.p.1., and this corresponds to a fast 

neutron flux of 10 neutrons one ot 

The laboratory was situated in the basement of the building so 

that shielding from the neutron target was only required for three walls 

and the ceiling of the room. Figure 3.8 shows a plan view of the 

experimental area. Where insufficient neutron source attenuation was
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provided by the inverse square law walls of concrete blocks were built. 

These are shown in Figure 3.8. The attenuation of 14.7 MeV neutrons 

(62) 
in concrete has been measured by Strain and using his attenuation 

factors the shielded target flux was estimated. The maximum dose in 

_the corridor was calculated as 0.1 mp.l. A water tank was situated 

dtectiy above the neutron target to shield the ground floor room above, 

The tank was filled to a depth of 0.5 m. The water provided an 

(62) 
attenuation factor of 90, and the calculated neutron level at the 

ceiling was 0.1 m.p.1l. 

Producing neutrons under normal conditions the radiation levels 

in the corridor and in the ground floor room above were checked with fest 

neutron and Y~ray monitors. In each case the monitor readings were 

less than 0.1 m.p.l. 

~_S. Time Resolution. 
  

Tne function of the electronics was to build up a spectrum of 

Y ~-ray detector events which arrived in the correct time interval after 

the production of a source neutron. The electronics required to do this 

can be divided into two parts. The first, the timing line, deals with 

time analysis of detector events and the second, the linear line, deals 

with energy analysis of events, The timing line is used to gate the 

linear. line. 

The timing line is basically a time of flight spectrometer. 

The most important characteristic of such a spectrometer is its time 

resolution. The time resolution is the factor that governs the sample 

to detector distance for particle time of flight discrimination. The 

flight path is chosen so that y-ray and elastically scattered neutron 

events are completely resolved in time. Clearly, the time resolution 

is very important as the better the resolution the closer the detector 

can be placed to the sample with a consequent improvement in the signal 

to background ratio,
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There are three factors governing time resolution, these are: 

(i) the uncertainty in the neutron production time, 

(ii) the uncertainty in the detection time, and 

(iii) the electronic resolving time. 

With the associated particle method the neutron production time 

can be determined with a very small uncertainty. The contributing factors 

are the spread in the alpha-particle energies and the time resolution of 

the alpha detector. The important time resolution of the detector is 

featly electronic as it is determined by the transit time spread of the 

photomultiplier, The y-ray detection time is also uncertain due to the 

photo tube transit time spread. For scattered neutrons detected by the 

Y ~ray detector there is a timing error due to the uncertainty in the 

sample to detector flight path as the detection medium has a finite 

thickness. An important electronic timing error known as "time walk" 

results in timing from the leading edge of slow rising pulses. 

Voltage 

Figure 3.9 

th   
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c
e
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time 

Figure 3.9 shows different amplitude pulses having otherwise identical 

characteristics, as say produced by a NaI(T @) detector; if a threshold 

voltage Ven is required to trigger a timing circuit, then a time jitter 

or walk is introduced into the timing as illustrated. 

In the present work tis major timing uncertainty was due to 

the slow y-ray detector pulses; the other contributions are considered 

for completeness. The alpha~particles at production vera small energy 

spread as the detector only subtended an eight degree angular range and
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as the maximum deuteron energy was 140 KeV. The energy of the alpha 

particles at production was 3.5 MeV with an energy spread of less than 

50 KeV, (section 4.2). However, alpha particles produced inside the 

target, by lower energy deuterons, lose energy in escaping the target 

and the effective alpha-particle energy range was 3.25 MeV to 3.55 Mev 

(section 4.2), This energy range resulted in a time spread of 0.3 ns 

over the 90 mm target to O&-detector flight path. 

The error resulting from the uncertainty in the flight path 

for sinattchiis scattered 14 MeV neutrons was 1.3 ns in the 76.2 mm 

detector crystal, 

Both photomultiplier tubes were 56 AVP's which have a stated 

transit time spread of 0.5 nS. Time walk of the alpha-detector pulses 

was negligible for two reasons. Plastic scintillator has a 2.2 ns decay 

time constant and the pulses produced had very sharp rise times ideal for 

timing frow the leading edge. Secondly the dynamic pulse range was 

limited due to the ongel energy spread of the alpha-particles, 

As discussed in section 2.1 the light output of NaI(T4¢) has 

a time constant of 60 ns. and a time decay constant of 340 ns so that the 

output pulses necessarily had poor rise times. Typical output pulses 

took 150 ns to reach a maximum, Timing from these slow rising pulses 

was the over-riding factor in the time resolution of the system; the 

other terms contributed less than 1 ns to the y-ray time resolution. 

The time resolution is given by the square root of the sum of the squares 

of the individual timing uncertainties and this is equal to the full 

width at half maximum height of a timing peak in a time of flight 

spectrum, 

Several electronic techniques can be used to overcome the timing 

problem, but invariably the resulting time resolution is inferior to that 

obtained with the fast organic phosphors. Time resolutions of between 

(14,16,41) 5 ns and 10 ns have been reported by several groups working
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with slow NaI(T¢-) scintillators for use with 14 MeV to 15 MeV neutrons, 

The time resolution of the system built for the present work was ~ 12 ns; 

this is discussed in the following sections. 

Je tsdc Timing with Slow Phosphors 

There are basically two techniques used to overcome time walk 

for fast timing with slow scintillators. The techniques can be described 

as linear and non-linear methods. 

The non-linear method is to produce a fast rising timing pulse 

at a time related to the first few photoelectrons emitted in a detection 

event, Assuming the scintillator has a single decay time constant T , 

then the number of photoelectrons, Q, emitted in a time t is given by: 

t 
Q = ieee Eo). oe Ge ee ee 

where N is the total integrated number of photoelectrons in an event. 

Ift <<, thnq-= Mt : 
(63) 

Morton has shown that the standard deviation in the time of emission 

Q photoelectrons, a (to), is given by 

atta & bot 0a ee ee 6 oe Ce 

(64) 
A more precise calculation by Post valid for all t, gives the standard 

™~ 

deviation in the time of emission of Q photoelectrons as 

Qi CT: + 2(Q41)/N* BS e e e e e e e (3.35) Z
I
 

a (tg) = 

From equations 3.2 and 3,3 it can be seen that the resolution improves 

with the fewer photoelectrons, Q, required to trip the timing circuit. 

In the linear method a timing pulse is produced at a time 

related to the centroid of the integrated photoelectron current pulse.
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Using equation 3.3 the standard. deviation in timing by a linear method is 

given by the timing error in the emission of N photoelectrons, i.e. 

Be ee a ean 

Numerical evaluations of equations (3.2) and (3.4) suggested 

that the non-linear method gives a time resolution a factor of three 

superior to the linear method. This was so for cases in which up to 

one third of the photoelectron output was required to trigger the timing 

cErcuit. 

In the present work systems employing both of these methods were 

developed so as to obtain the best time resolution. In the linear method 

_ the anode output pulse of the y-ray detector photomultiplier was amplified 

and double delay line shaped to produce a bipolar pulse. The time of the 

cross-over of the pulse was independent of the pulse amplitude. The 

bipolar pulse was fed into a cross-over point analyser which produced a 

standard fast rising pulse accurately timed to the cross-over point of the 

input pulse, The analyser also incorporated an adjustable pulse 

amplitude threshold discriminator to reduce the dynamic range of the input 

pulses. With this method the resolution in terms of the full width at 

half maximum height of a y-ray timing peak was 25 ns discriminating off 

Y- rays below 1 MeV. 

The oe principis of the non-linear method employed was to 

differentiate the photomultiplier output pulse and then amplify the 

differentiated pulse to produce a fast rising pulse. The amplifier 

didn't behave in a linear manner but produced a fast timing pulse whose 

leading edge was related in time to the first few photoelectrons of a 

detection event. To reduce the dynamic pulse range lower energy yY -ray 

pulses were discriminated off by a second slow timing circuit. By using 

a separate circuit for event discrimination the problem of time walk with
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the fast timing pulses was reduced. This system is known as the "fast~ 

slow coincidence method'', The non-linear method had a resolution a 

factor of two better than the linear method, i.e. ~ 12 ns, and so the 

non-linear method was used and it is described in detail in the following 

section. 

3.4, The Electronics 

The two parts of the electronics arrangement, the timing line 

and the energy analysis line are described, 

a4 Y% The Time of Flight Electronics 
  

Figure 3.10 shows a block circuit diagram of the time of flight 

electronics employing a fast-slow coincidence system. The overall 

operation of the system is briefly outlined before the circuits are 

_ described. ; 

The anode pulses of the qa =particle and Yy -ray photomltipliers 

were fed into long coaxial cables via emitter follower circuits. Both 

etnies then passed through discriminators and the suitably shaped pulses 

were fed into a slow coincidence gating circuit with a coincidence time of 

approximately 400 ns. If an Q-pulse was in coincidence with a y-ray 

pulse, then the a-pulse provided the stop signal to the time to pulse 

height converter. The start signal for the time to pulse height converter 

came from the aie dynode of the y-ray photomultiplier, the time walk 

problem being reduced by the "fast" amplifier, The output pulses of the 

time converter were fed into a multichannel pulse height analyser to 

build up a time of flight spectrum. 

The Photomultiplier Dynode Chains 

The 56 AVP is a high gain photomultiplier tube, with a current 

gain of 10°, capable of producing peak anode currents up to 1A. The 

manufacturers state that to achieve a stability of 1% the ratio of the 

current through the voltage divider chain to that Chetdin” eos heaviest 

loaded part of the tube should be 100:1. For moderate intensities of
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Figure 3.10. Block diagram of the time-of-flight system.
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radiation this requires a dynode chain current of 3 mA. Dynode chain 

currents of 6mA though have been used by Gupta and Nath 6°) and 

Sarai gee 

The manufacturers recommend two voltage divider chains; 

_type (i) has an equal voltage across the last twelve dynode stages and 

type (44) has progressively increasing voltages across the last nine 

dynode stages. Voltage divider type (i) gives a higher gain, but a 

higher anode current with better time characteristics can be obtained with 

divider type(ii). Divider (ii) reduces space charge effects around the 

latter dynodes. The last dynodes are decoupled with capacitors to 

stabilize the dynode potentials, 

" dynode chain of type (ii) was used for the y-ray detector, 

_ The resistor chain is shown in Figure 3.1l(a). Focused tubes are more 

sensitive to fluctuations of individual dynode potentials than unfocused 

tubes, so high stability 1 watt metal oxide resistors were used, The 

pee through the dynode chain was 3 mA at an operating voltage of 2kV. 

A current of 3mA was the maximum current delivered by the H.T. unit, 

Isotope Developments type 1617A, used. The capacitors used to decouple 

the last dynode stages are shown in the figure. The manufacturers 

recommend a value for the capacitor across the last stage given by 

v 
vee 009/55 

where q is the quantity of charge transported by the anode and V is the 

voltage across the tube. Capacitors across earlier stages decrease 

by a factor of 3 at each stage. For the maximum output signals a value 

of C= O.l yf was calculated as being more than adequate. 

As shown two output signals were taken from the Yy -ray detector 

photomultiplier. The linear signal for energy analysis and for the slow 

coincidence circuit was taken off the anode. With the anode output
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circuit shown, Y-rays of energies up to 5 MeV produced output signals 

of up to -4 V amplitude. The output pulse length was 1 yw s with a rise 

time of approximately O.lyus. A positive going timing pulse was obtained 

by inserting a resistor between the 14°8 dynode and the dynode chain. 

.The output resistor and capacitor were chosen to have a small RC time 

constant; the values were 4701 and 22 pf. The differentiated timing 

pulses were a factor of 3 down on the amplitude of the anode pulses but 

had rise times of 40 ns, 

The Q -detector photomultiplier dynode chain was of type (i). 

The dynode chain is shown in Figure 3.11(b). The dynode chain current 

was 3 mA at the normal operating voltage of 1900 V. A single output was 

taken from the anode across a 680 1 dona resistor. The output pulses 

for 3.5 MeV q ~particles had an amplitude of -4 V-and the pulse duration 

was 100 ns with a rise time of 10 ns. 

Detector Preamplifiers 

The Y -ray detector linear signal fed both the slow coincidence 

circuit and the main amplifier of the linear circuit. The main electronics 

were removed from the experimental area as shown in Figure 3.8. 

Approximately 7 m of coaxial cable was required to reach the electronics 

from the detector. To avoid reflections in this long cable the anode 

Signals were matched into the cable via an emitter follower at the base of 

the photomultiplier, The single transistor emitter follower circuit is 

shown in Figure 3.12. The negative anode signal was applied to the base 

of the pnp transistor, with an input impedance of ~10K1. The 

current amplified signal appeared across the 1001 load resistor with 

unity voltage gain. The output impedance of the circuit was ~~ DOM, 

and matched the negative pulses into the 70] impedance coaxial cable. 

The coaxial cable introduced a time delay of 33 ns and when the cable 

was correctly terminated no distortions or reflections were observed, 

The a -detector photomultiplier signal was matched into a
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long coaxial cable by a similar. emitter follower circuit. The cable 

was 35 m long and had a delay of 180 ns, but to increase the delay by 

40 ns fixed lengths of cable were switched in series with the main cable. 

The y-ray Discriminator and Pulse Shaper 

The 35 ns y-ray delay cable fed both the linear amplifier 

for y-ray energy analysis and the discriminator, Figure 3.13 shows 

the circuit diagram of the discriminator and pulse shaper. 

Transistor Ty» Figure 3.13, formed an emitter follower, with 

an input impedance of about 100 2 so that the long feeding cable was 

correctly terminated. The purpose of the emitter follower was to isolate 

the discriminator from the linear amplifier which had a parallel input. 

Transistors T, and T, formed the discriminator. The circuit was an 2 2 

ac. coupled Schmitt trigger with the base of T, held slightly positive 

by the bias supplied through the variable resistor Rl, which controlled 

the discrimination level. qT, was normally non-conducting and T, was 
> 

conducting. When a negative pulse of sufficient amplitude was applied 

to the base of tT, it conducted. A positive pulse was then produced at 

the collector of T, which through the a.c. coupling of C.. reduced the 
2 

conduction current of Tee This caused more current to be taken by Tt, 50 

the circuit regeneratively switched over to the state of tT, conducting 

and Ts non-conducting. The circuit remained in this condition until the 

‘amplitude of the input pulse fell below the hysteresis level. A positive 

going pulse Pe tena oe at the collector of TS with a 3V amplitude and 

20 ns rise time; the pulse length was a function of the input pulse 

amplitude. The discriminator output was fed into the pulse shaping 

circuit via an emitter follower which isolated feedback from the pulse 

shaping circuit to the discriminator. 

A standard timing pulse was produced by the monostable 

multivibrator, transistors T., and Tee T was biased normally 

non-conducting and Te was biased fully conducting. The negative going
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discriminator pulse applied to the base of T_ switched T. on producing 
5 2 

a positive pulse at the collector of T.. The collector pulse of T 
7 2 

was coupled to the base of Ts, via the capacitor Cy giving a negative 

going pulse at the collector of Tee The duration of the output pulse 

was determined by the RC of the coupling stage C_ and Ree The RC time 
5 

constant was 660 ns and produced a standard 500 ns duration output pulse, 

i.e. independent of the input pulse. The amplitude of the output pulse 

was ~4 V with a 20 ns rise time, 

The output stage was an emitter follower, transistor T 7 with 

an output impedance of less than 10002. 

 ~ Discriminator and Pulse Shaper 

The qa-particle pulse discriminator circuit was identical to 

the one used for the y~ray pulses. The discriminator introduced 

negligible time walk in the aq -detector pulses. 

{wo outputs were taken from the discriminator; one to provide 

a suitably shaped pulse for the coincidence gate and the other to provide 

the scalar pulse, Figure 3.14 shows the pulse shaping circuits fed by the 

a ~discriminator output. The coincidence gate pulse was first shaped by 

a monostable multivibrator, transistors 7 and TS. The monostable was as 

described in the y-ray line except that the feedback resistor from the 

collector of tT, to the base of Ty was increased to 2.2K]. This 

- increased the amplitude of the output pulse to -10 V. After passing 

through an emitter follower, T39 the large negative going pulse was sharply 

differentiated. The differentiation time constant was 0.2 ns. This 

produced a negative going spike 3 V in amplitude and 50 ns long. The 

positive spike resulting from the differentiation of the trailing edge 

of the square pulse was less than 1 V due to the slower fall time of the 

input pulse. 

The second q-~discriminator output pulse was shaped to feed the 

scaler monitor. The discriminator pulses were too Jarge for the scalar
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which required negative pulses of between 2 V and 4 V amplitude. The 

discriminator pulses were isolated by the emitter follower Ty and 

differentiated to produce short pulses of 2 V amplitude. Only the 

negative pulses triggered the scalar which was a Nuclear Enterprises, 

NE 5078, eight decade counter, 

The Slow Coincidence Gate 

The coincidence gating circuit is shown in Figure 3.15. 

Essentially the ‘y-ray pulse was used to gate the @ -detector pulse. 

The gating circuit comprising transistors tT and Th was designed by 

(67), 
Oliver et al 

Transistors qT and tT; formed a monostable multivibrator which 

inverted the negative input pulse. tT was biased non-conducting and 

was fully on so that the collector voltage of T, was zero volts, A 

negative y-ray input pulse applied to the collector of Ty caused qT) 

to conduct and switched T, off producing a fast rising positive going pulse 

of 6 V amplitude at the collector of T, with a duration of 400 ns. This 

provided the gating pulse through a 2.2 K (1 ~esistor to the base of Tee 

Thus, for the duration of the gating pulse, the base of T, was raised to 
3 

2 

a potential of 5.5 volts. 

The qa -particle pulses were matched into the grounded base 

transistor qT, causing it to saturate, i.e. only for the negative going 

spike, These produced short negative pulses of 1% V amplitude at the 

collector of 1, (which was the emitter of Ts). 

Transistor T was operated as a series gate. With the bese 

of T at +5 V the gate was open and with a zero base potential the gate 

was closed. An amplified 6 V negative spike was only obtained at the 

collector of t if the qa-particle and y -ray pulses were coincident. 

The 400 ns codnéidence time was defined by the relatively long y -ray 

gating pulse. 

The gate output fired the output monostable which produced a
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standard timing pulse, -4 V amplitude with a 10 ns rise time and 

0.5 ws duration. This was the stop pulse for the time to pulse height 

converter, 

The gate output pulse was accurately timed to the «a -particle 

detection event, as the time walk in the y ~ray gating pulse did not 

alter the time output of a coincident a ~pulse. A most important point 

was to ensure that for two related Q -particle and Yy ~-ray pulses the 

Y ~ray gating pulse arrived at the gate before the «a pulse. 

. An added advantage in using the coincidence gate was that it 

blocked the high repetition rate of the a ~ pulses from the time converter 

input. 

The "Fast" Amplifier and Pulse Shaper 

Figure 3.16 shows the amplifier and pulse shaping circuit used 

for the fast timing pulses taken off the Vee dynode of the y -ray 

detector phototube, The circuit was housed at the base of the 

photomultiplier so that a minimum length of cable was required to feed the 

pulses to the circuit. 

The amplifier had two stages of amplification. The first 

stage consisted of transistors qT) and T3. The positive input signal was 

fed onto the base of qT and an amplified positive going pulse was produced 

at the collector of T5. A 3 V maximum output pulse was produced at the 

collector of T; for a0.5 MeV y-ray intput pulse, The pulse was 

inverted by the common emitter amplifier, Te Again this stage operated 

in a non-linear manner producing a negative going saturation pulse of 

4 V amplitude, with a rise time of 20 ns and a duration of approximately 

300 ns. 

The fast timing pulse had to be delayed while the corresponding 

slow pulse passed through the discriminator and coincidence gating stages. 

The pulse was delayed by a 40 m length of 70 2 coaxial cable, A 

standard fast timing pulse was produced to feed into the long delay cable
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by the monostable multivibrator, transistors Ty and +5 The standard 

pulse had an amplitude of -4 V, a 20 ns rise time and a 500 ns pulse 

length. The pulse was matched into the cable via an emitter follower, 

Tes with a 50 @ output impedance. The coaxial cable introduced a 

delay of 220 ns before feeding the Signal into the start input of the 

time converter, 

The Time to Amplitude Converter 
  

Short time intervals can be measured by converting them into 

quantities more readily measured using conventional techniques. The 

time converter generates an output pulse whose amplitude is proportional 

to the time interval between start and stop input pulses allowing 

tlexeurements to be made in the nanosecond range. The basic principle 

of operation is as follows: When a start input pulse is applied a 

capacitor starts to charge from a constant current source and when a stop 

pulse arrives the charging is halted. Thus the voltage across the 

capacitor is proportional to the time interval between the arrival of the 

start and stop input pulses. The output pulses of the time converter 

may then be analysed by a single or multichannel analyser giving a spectrum 

directly related to the original time intervals being measured. 

The time converter used was a Nuclear Enterprises type NE 6250, 

The shaping of the start and stop input pulses was carefully designed to 

meet the input specifications of the time converter, The input 

impedance of both inputs was 1K... The start input pulse was fed 

through 40 m of 70 cable from a low output impedance source. The 1K 

input impedance of the time converter caused a reflection in the cable due 

to the poor termination. However, ideal matching was achieved if an 

82 N resistor was put in parallel with the time converter input. 82 0. 

resistors were used across both the start and stop inputs. 

The time converter output pulse range was O to +10 V and 

corresponded to time ranges of O to 50, 100, 200, 500 or 1000 ns as set
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by the range switch. Timing was from the leading edge of the input 

pulses. In the absence of a stop input pulse, after a start signal, 

the instrument automatically reset itself with no output pulse being 

produced. 

To obtain a time of flight spectrum the O to +10 V time 

converter output pulses were analysed by a 100 channel pulse height 

analyser, a T.M.C. Gammascope II. 

The Low Voltage Power Supplies 

Two Nuclear Enterprises low voltage supplies, type NE 5383 were 

used, each having a +24 V and a -24 V output giving a maximum current of 

1A from each output, 

Tne five and ten volt low voltage supplies, required for the 

circuits described above were produced with Zener diodes from the 24 volt 

supplies. The circuits were as follows: 

+2hy -ohy 

250 220 

output output 

+10V ~5V 

2ho UE mE BZY9EC10 24out BZY96C5 

  
The maximum output from the 10 V supply was 40 mA and from the 5 V 

supply was 95 mA, In all 4 ten volt Zener diodes and 2 five volt diodes 

were required. Smoothing capacitors, 16uf, were used across the 

voltage rails of the circuits as the supply unit was separate from the 

circuit units. These capacitors were found to improve the shape of the 

timing pulses, 

5. Pane The Y -ray Energy Analysis Electronics 

A block circuit diagram of the complete electronics, including 

the linear line, is shown in Figure 3.17. The Y-ray photomultiplier
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anode pulses were shaped by the main amplifier and fed, via a delay unit 

and a linear gate, to a multichannel analyser to build up a pulse height 

spectrum, The gating pulse, which opened the linear gate, came from a 

single channel analyser set to view the correct time interval of the time 

of flight spectrum 

The Main Amplifier 

The main y-ray pulse amplifier was a Nuclear Enterprises 

type NE 5259. It had a parallel input with the y ~ray discriminator. 

The amplifier was used in a double differentiation mode of operation, 

with 1 ws time constants, The gain was set to give pulses with the 

positive cycle of the bipolar pulses up to 10 V and the duration of the 

positive half of the pulse was lp s. 

The Delay Unit and Linear Gate 

While the time analysis of an event was being made in the time 

of flight circuits the linear y-ray signal was delayed by a Nuclear 

Enterprises delay unit, type NE 5262, The signal was delayed without 

distortion or loss of amplitude and the delay time was adjustable in 

0.7 2s steps up to a maximum of Gel (Ls. A delay unit was used in 

preference to a length of coaxial cable for two reasons. Firstly, to 

produce a delay of 2.lyus 450 m of cable is required and secondly, the 

output impedance of the main amplifier, 500 2 » Was too high to match the 

Signal into the cable without distorting the signal, 

The delayed signal was fed into the linear gate, type NE 5730. 

The gate was normally closed and it was opened with a gating signal from 

the single channel analyser, The gate open time could be set at 

deceD or 10 ps. Normally the delay unit was set at 2,1 pLusand the gate 

open time was 5 s, The gate output was fed into the 100 channel pulse 

height analyser, 

The Single Channel Analyser 

The single channel analyser, type NE 5159C, was used in a
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differential mode of operation. Upper and lower voltage levels were 

set so that the analyser only gave an output signal for time converter 

pulses with amplitudes inside this voltage window. The window was set 

to correspond to the y ~-ray peak in a time of flight spectrum, i.e. to 

_the time interval in which the y -ray events arrived. The negative 

siniy ade output pulse provided the gating signal for the linear gate. 

In this way the pulse height analyser input was gated so that it only 

received pulses meeting the timing requirements. 

The Nuclear Enterprises, Edinburgh series units used in the 

linear line were compatible, so there was no difficulty with pulse 

matching particularly as short cables were used between the units. The 

data usihehatea by the multichannel analyser was printed out on paper 

tape. Figure 3,18 shows the rack mounted time of flight and energy 

analysis electronics. 

Dale The Electronic Setting up Procedure 

Discriminators: 

‘the spectra of both the Y-ray and Q-~particle detectors were 

displayed on the multichannel analyser by suitably shaping the pulses with 

the main amplifier. To check the discriminator setting for both detectors 

the apparatus was arranged as shown in Figure 3.19. The negative 

discriminator output pulses provided suitable gating pulses for the linear 

gate. With the apparatus arranged as shown, the pulses below the 

discriminator level were blocked from the multichannel analyser. 

Figure 3.20 shows a pulse height spectrum of 3.5 MeV 

a -particles produced in the deuteron bombardment of the target. The 

discriminator level as determined by the above method is shown in the 

figure. 

Linearity of Timing System: 

To check the time linearity of the time converter and that the 

slow coincidence circuit was functioning correctly, the following
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Figure 3.18. The electronics arrangement.
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experiment was carried out. A random time spectrum was accumulated in 

the multichannel analyser using a pulse generator and a 604, Yy ~ray 

source with the apparatus arranged as shown in Figure 3.21. ‘The two 

Signals, from the pulse generator and the y -ray detector, were randomly 

related in time so that an equal number of counts should be stored in each 

channel of the analyser, all channels having equal width. Figure 3.22 

shows the random time spectrum obtained, The pulse generator was set 

at 100 KHz —* and the time converter was set on the 200 ns range so that 

each channel of the analyser represented 2 ns time duration. The start 

of the slow coincidence gate plateau was in channel number eight; for 

lower channels the generator pulses arrived when the gate of the coincidence 

circuit was closed. The total length of the gate plateau was 400 ns, but 

only the first half could ie displayed by the multichannel analyser with 

the time converter range used. There wes poor time linearity for the 

first 25 ne after the start of the coincidence gate. The region used is 

shown in the figure and in this region the maximum differential timing 

non-linearity was : 3.5%, corrected for the statistical error. The 

manufacturers stated maximum differential non-linearities in the time 

converter of a 2% and in the pulse height analyser of 3 2%. Using these 

values the differential timing non-linearity of the coincidence circuit 

was calculated as + 2%. For the present application, the linearity in 

the. region used was very satisfactory. 

Delay Lines: 

The delay time of the y-ray discriminator pulse was set by 

the minimum length of cable required to reach the electronics from the 

detector. As mentioned above it was important that the a -detector 

pulse reached the slow coincidence unit after the corresponding y ~ray 

gating pulse. To find the delay required in the «a -detector line to 

meet this requirement the apparatus was arranged as shown in Figure Deeks 

except that the pulse generator was replaced by the normal @Q -detector
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input. Figure 3.23 shows a time of flight spectrum taken with this 

arrangement. For this spectrum the y-ray detector was positioned at 

a 25° scattering angle viewing a titanium scattering sample. The y-ray 

discriminator was set at 0.7 MeV. The spectrum shows the unresolved 

_Y ~ray and scattered neutron events from the sample. The delay in the 

Qa eo-fne was adjusted, by altering the length of coaxial cable, until the 

spectrum was accumulated in the right pulse height region of the 

multichannel analyser. The poor resolution was of course due to the walk 

of the y-ray pulses. 

The y-ray delay cable in the fast timing line, see Figure 3.10 

was similarly set by displaying the time of flight spectrum on the 

multichannel analyser, With too short a cable in the fast timing line 

there was a long time separation between the start and stop pulses, this 

was displayed by using the time converter on the lps range. 

Finally the delay of the NE 5262 delay unit was set at 2olpt. 

This delayed the linear signal more than the time required by the time 

converter and the single channel analyser to complete the time analysis. 

The manufacturers stated a delay in the time converter of lelus (after 

the start input pulse) and the delay in the single channel analyser was 

measured as 0.7 US. Thus the linear gate was opened by the timing pulse 

several hundred nanoseconds before the linear signal arrived at the gate, 

which was opened for 5us. 

3.6. Time of Flight Spectra 

A time of flight spectrum using the fast-slow coincidence system 

(Figure 3.10) was always observed to set up the single channel analyser 

prior to any cross-section measurement. 

Figures 3.24(a) to 3.24(d) show typical time of flight spectra 

accumulated with different y-ray discriminator settings with scattering 

samples of carbon, sulphur and titanium. The spectra shown were 

: fe) , ? 
observed at a forward scattering angle, 25_, to show an intense neutron
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peak as elastic neutron scattering is very forward peaked. Time 

increases from right to left of the Scene because the y-ray detector 

pulse was used to start the time converter. The time converter was on 

the 100 ns range so one channel interval of the analyser represented 1 ns, 

The spectra clearly show two peaks, one corresponding to scattered neutron 

events and the other corresponding to the y ~rays produced in neutron 

reactions, The two peaks of events produced by the scattering sample sit 

on a random background spectrum, For each of the spectra shown a 

background spectrum was accumulated with the scattering sample removed 

and this is also plotted. The a. i and the sample out spectra 

were accumulated for the same integrated neutron yield as determined by 

the q-monitor, The peak identification was confirmed by observing 

the time shift of the peaks when the flight path was increased by a metre, 

as the y-ray peak moves by only 3.3 ns and the neutron peak moves by 19 ns. 

This also served as a test of the time interval per channel of the analyser. 

Figures 3.24 (a-d) show that the time resolution improved as the 

dynamic y-ray pulse range was reduced by increasing the discriminator 

level. Table 3.1 shows the time resolution of the y -ray peak in terms 

of the full width at half maximum height for different y -ray discriminator 

  

  

levels. Table 3.1 

y ~ray discriminator Resolution F.W.H.M. 
level 

1.4 MeV 7 ns 

1.0 MeV 1i.5 ns 

0.7 MeV 13.5 ns 

0.5 MeV 17.0 ns       
  

The 1.39 m flight path was sufficient to completely resolve the y ~ray 

and scattered neutron peaks with a y-ray discrimination level of 

0.7 MeV, though with a discrimination level of 0.5 MeV the peaks were
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just resolved and the spectrometer could certainly be used at this 

discrimination level. The majority of counts in the neutron peak were 

due to elastically scattered neutrons because at larger scattering angles 

the neutron event peak became very small, i.e. consistent with the sharp 

fall off of the differential elastic cross-section with Sa atterigh angle. 

The voltage window of the single channel analyser was set as 

shown on the time of flight spectra. The analyser voltage levels could 

be set to within a single ohennele With the single channel analyser 

window set as shown, the signal to background ratio was about 4:1, though 

this value depended on the sample size and the reaction cross-section for 

the sample, the geometrical factors being fixed. The time taken to 

accumulate each spectrum was approximately five hours, i.e. 2% h with the 

sample in and 2h for the background with the sample removed. 

No time instability in the time spectrum was observed. Provided 

the conditions were not altered, for example by altering a discriminator 

' level, the time peaks were consistently reproduced in the same position 

over a period of several months, 

Bailie Gamma-Ray Energy Analysis 

Dale le Spectrometer Calibration 

The Y-ray energy range of interest was from 0.5 MeV to about 

5 Mev. The spectrometer had, therefore, to be calibrated over this 

energy range. 

Long lived isotopic sources emitting Yy-rays of known energies 

gave useful calibration energies up to 1.3 MeV. The sources used had 

activities of luwCi. The sources and the y-ray energies are listed 

vents Source Energy of -ra 

15?og 0.662 MeV 

Hin 0.835 MeV 
604, 1.173 Nev 

1.332 Mev 

Cena 0.511 Mev 
ly 28 NeV :



The 

For calibration points at higher energies three Y-ray lines 

at 1.78, 2.75 and 4.43 MeV were used. The two lower energy Y -rays 

were obtained from 28 ay and ata respectively, produced by the irradiation 

of samples of silicon and magnesium with 14 MeV neutrons. The 

28 
Si(n,p)-°al reaction has a large cross-section 260 mb for 14 MeV neutrons. 

28 ny is unstable with a half life of 2,3 min and it decays by B emission 

to the first excited level of Bes producing a single 1.78 MeV y -ray. 

So a 5 min irradiation of a few grains of silicon produced a strong 

source of 1.78 MeV y~-rays. 

The 2.75 MeV line was produced by irradiating magnesium rods 

with 14 MeV neutrons producing ale by the PNe(n yp) Ne reaction. The 

reaction as a cross-section of 175 mb and ata has a 15 h half tas 

With the laboratory's Van de Graff accelerator which could produce a 

9 neutron flux in excess of 10° neutrons i a calibration source was 

produced with a sample irradiation of about 2 h, The ata isotope 

decays by 6 emission to the second level of Zhe giving two Y -rays 

of energies 2.75 and 1.369 MeV. 

211 a / Be neutron The 4.43 MeV y-ray was produced by an 

source. 241 ne is a long lived qa -particle source giving a 5.49 MeV 

Q® -particle,. The two isotopes are intimately mixed so that the 

Be (x, n +c reaction, The carbon Q -particles can initiate the 

nucleus can be formed in the ground state or first or second excited 

levels, The second excited level decays by a-particle emission to 

Bre in 100% of its transistions and the first level decays by y ~rey 

emission to the ground state giving a 4.43 MeV y-ray. 

The calibration of the pulse heights as displayed by the 

multichannel analyser was linear with energy to within = 1% for the 

above sources, provided that the count rate in the detector was similar 

for each source. The variation of detector output pulse height with 

count rate has been reported by Gutpa and Nath 5) for the 56 AVP
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photomultiplier tube; the amplitude of the output pulse increases with 

count rate and the variation is lower for higher dynode chain currents. 

In the detector used no gain variation was observed for count rates 

below 2,000 counts per second and in experimental runs the detector 

always worked at a lower count rate. 

An instability in the detector gain was observed due to slight 

variations in the H.T. power supply. The effect was greatly reduced 

by using a mains stabilizing transformer with the H.T. unit. However, 

the drift in the gain was up to J 29 over a period of several hours. 

Du ets Energy Resolution 

The energy resolution of the y-ray detector was measured as 

14% at 0.66 MeV. The resolution improved with energy and it was 

observed to vary as the inverse square root of the y ~ray energy. At 

1.3 MeV the resolution was 12% and the 1.17 MeV and 1.33 MeV y ~-rays 

of 60,, were just resolved, The resolution measurements were made 

using the apparatus as shown in Figure 3.19, i.e. with the signal pulses 

passing through the delay unit and the linear gating circuit. Only a4 

very marginal improvement in resolution resulted if the linear delay and 

gating units were bypassed, 

| The resolution was rather poorer than the antigpated 10% at 

0.66 MeV. The poor resolution was due to two reasons; firstly because 

"a converging light pipe was used and secondly because the photomultiplier 

tube, while Neving excellent timing characteristics, has poor pulse height 

resolution, Poor energy resolution with a 56 AVP photomultiplier tube 

has been reported by Gupta and Nath 6) and their NaI(T €) detector also 

had a resolution of 14% at 0.66 MeV. To improve the resolution a 

larger diameter phototube would have to be used to dispense with the light 

pipe. The next size focused tube available is the 58 AVP with a 

127 mm(5 in) diameter photocathode.
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CHAPTER 4 

Absolute Differential Cross-Section Measurement 

4.1. . ~The Differential Cross-Section 

The total neutron ervee pectnens J, » of a nucleus is a 

measure of the reaction probability for all interaction processes: 

elastic and non-elastic processes, tt I, is the neutron flux incident 

normally on a slab of material of thickness x, having N nuclei per unit 

volume, then the undegraded neutron flux, I, after passing through the 

sample is given by the exponential law I = Bea”. The number of 

interactions in the sample per unit time is given by: 

Toots t(e- «lias 

The present measurements were concerned with Y-ray production 

Se recess 77, 15 neutron inelastic scattering, The total y-ray 

yield, G, from neutron inelastic scattering is given by: 

Gs CT ee) oa te 

where $ is the time integrated neutron flux over the surface area of 

the sample, i.e. the total number of neutrons incident on the sample in 

a given time. 

The differential cross-section, which is a measure of the 

probability of radiation being emitted into an element of solid angle 

a2 at an angle ¢$ to the incident beam direction, is given by, 

do =o(@)AN. ‘The quantityo (6) = oe gives the angular 

distribution of the radiation; it is commonly described as the 

differential cross-section, but strictly it is the differential 

cross-section per unit solid angle, By integrating the differential
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cross-section over 4q@ solid angle the reaction cross-section is obtained, 

1.e@. ar W 

r= | o(6)an =} | o(0)si noaod® 
har $=0 © 6=0 

. If the differential cross-section is independent of azimuth, © , about 

the incident beam direction the reaction cross-section is given by 

a 

7 = anf o(0)sin0dd ee eee ee ee Mee 

0 
t 

The gamma-ray yield, G (@) » in a solid angle df at an angle 6 

to the incident neutron beam direction is given by 

do- 

Gt Ce) = o(1 ‘a eye dQ. 0. Ce ied 

on 
do- 

where tie is the differential Y -ray production cross-section per 
dn. 

unit solid angle. In the absolute measurement of a differential 

cross-section the y-ray detector count has to be corrected for the 

detector efficiency and for the absorption of y-rays by the sample to 

obtain the absolute y-ray yield. Equation 4.3 then becomes, 

oC (4 ) 
  rel 88

 

(2 = olan e(B,) S(H, 0) 

where G(@) is the detected y -ray count; e(E,) is the detector 

efficiency AQ is the solid angle subtended by the detector and S (E>) 

is the correction term for Y -ray absorption in the sample. s (B29) 

is the fraction of y-rays escaping the sample and it can be a function 

of both y-ray energy and scattering angle. Other corrections arise 

for the neutron flux term $ , and the sample thickness x, because with 

a point neutron source the incident neutrons on the sample do not form 

a parallel beam but a diverging beam and different parts of the beam
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see different sample thicknesses. 

In the following sections the neutron source is discussed in 

detail with particular emphasis on the neutron beam profile, as defined 

by the Q-particle detector, as this is an important factor when 

_ considering several terms of equation 4.4, Subsequently, each term 

of ecusetat 4,4 and the factors affecting them are discussed in detail 

to enable the evaluation of the absolute differential y-ray production 

  

cross-sections, 

42, The Neutron Source 

hoarl. The Angular Range of Source Neutrons 
  

The angular range of neutrons defined by Q-particles emitted 

at 90° = 4° to the deuteron beam in the D,T reaction can be calculated 

from the reaction kinetics. The deuteron, mass Ms» is incident on the 

triton, mass ms» which is at rest in the laboratory frame of reference; 

after an interaction an QM -particle and a neutron of masses n, and mn 

respectively, emerge at angles band ? as shown in the following 

  

  

diagram: 

m1 m1 

deuteron e, oa - 
beam “a 

by LT, 

* Laboratory System Centre of Mass System 
  

Angles 6 . and o are the corresponding angles in the centre of mass 

system of co-ordinates, The following expression, given by 

(68) Benveniste and Zenger » relates the neutron and alpha-particle angles 

of emission in the laboratory system.
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: 
: 1 : 5 2s ing + sing, ( ye ~ sin?¢,, ) 

  

  

tang, om : T : i, tere ed 

- sin o. + cost - - sin ia 

n 

m Me m Q 
Se Ae t) % 3 28 ck ow eG 

a m Ms (m5 + m,.) Eq 

where E, is the deuteron energy in the lab. system, and Q is the 

energy released in the reaction given by (m,. + a, 6 a m,)0°=17.586 MeV 

The tritium target used was a "thick" target. A thick target 

is one in which the range of deuterons in the target is less than the 

target thickness and consequently deuterons of all energies from the 

boubaratne energy to zero yield neutrons. Equations 4.5 and 4.6 show 

that the relationship between the neutron and alpha-particle angles of 

emission, ¢,, and $, » depends on the deuteron energy. Figure 4,1 shows 

the relationship between$, and by in the angular range of interest, 

calculated by equations 4.5 and 4.6 for deuteron energies ranging from 

140 KeV to zero energy. Figure 4.1 shows that alpha-particles detected 

at 90° + 4° define a neutron beam over the angular range oF 78° to 

.. = 94°, Angular straggling of the deuteron and the alpha-particle 

in the target have been neglected in the above calculations. These 

assumptions are considered in section 4.2.4. 

The neutron yield, as defined by a 90° m 4° alpha~detector, 

is not uniform over the angular range $ eg 78° to ae = 94°, ‘This is 

e because the (dyn) ‘He reaction cross-section is a function of the 

deuteron energy and the energy range of deuterons producing neutrons 

varies with ¢ 9 For example, from Figure 4,1 at %. = 78° the neutron 

yield as defined by the @ -detector is due only to deuteron interactions 

with energies from 140 KeV to 105 KeV and at ¢ ae 86° neutrons can be 

produced by deuterons with energies from O to 140 KeV. 

To determine the neutron beam profile, i.e. the relative
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neutron yield over the angular range ou 78° to 94°, the variation of 

the neutron yield with deuteron energy must be calculated. 

4.2.2. The Neutron Yield as a Function of Deuteron Energy 

The neutron yield in the D,T reaction cannot be oaloutated: ix 

equation 4,1 because the reaction is initiated by a range of deuteron 

energies and the reaction cross-section is a function of energy. The 

neutron thick target yield, Y , per incident deuteron is given by 

Bamax (Ba) 
Y.. =| ————-— dE 

f d 

where o(H5) is the reaction cross-section at a deuteron energy Ea N 

dE 
is the number of tritium atoms per unit volume, and 2 is the 

stopping power of the deuteron in the TiT target. This expression 

assumes that the incident particle flux is constant throughout the target. 

This is a good approximation as only a very small fraction of the beam 

interacts with the target tritium, 

The neutron yield, Y(0@), per incident deuteron per unit solid 

angle at a neutron angle bn is given by 

Eamax N 
y(0) a 

0 fob.< ae 
where aw is the differential cross-section per steradian at a 

Mag oboe ee er Ie? = 
late

 

  

deuteron energy E 

3 

q and neutron angle on 

The H(d,n) ‘He cross-section 

The differential neutron production cross-section of the D,T 

reaction has been found to be isotropic in the centre of mass system 

for deuteron energies up to 200 KeV by Allen and Poole ©?) and 

(70) 
Bame and Perry . Several measurements of the variation of the 

differential cross-section with deuteron energy are given by Benveniste 

(68) 
and Zenger for the energy range 10 KeV to 500 KeV.
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The measurements of the differential cross-section per steradian (given 

in the centre of mass system) are in good agreement and the curve used 

for the present calculations is given in Figure 4.2, 

The anisotropy factor, ge is required to convert the 

. centre of mass differential cross-section to the lab. frame of reference, 

( w is a solid angle in the lab. system and the primed quantity is in the 

centre of mass system) The anisotropy is given by: 

aw? sing, qe, 

dw sing, dg 

The relationship between the centre of mass angle o. and the lab. angle 

(68) 
2 is given by 

4 
oy $ ee = pee Dz es 

cos6,, = ~ysin®¢, + cos¢, (1 - y*sin bn) Ce ee 

where Y is as defined previously. Differentiating and rearranging gives, 

4 

a Y(eosb, + ( 7 - sin?g ))* 
tai oe Ye 0 tty Sa 

dw = 

  

; 
Sin Quek Noe sin’ ¢) 

The neutron anisotropy is plotted against the neutron angle, $ for 

deuteron energies of 0, 100 KeV and 200 KeV in Figure 4.3. Figure 4.3 

shows that for neutrons emitted between 78° to 94° the anisotropy is a 

Slowly varying function of energy and it can be considered as constant 

to within 1%. 

Stopping Power of Deuterons in TiT: 

The rate of energy loss of deuterons in TiT can be calculated 

as the sum of the energy losses in the constituents and it is given by 

dE = 48 (a) + 3n (a) e ry e ue9 

ax he + 3n On 75s ho + sn \ax /T 

ais where —a5/ 14 is the rate of energy loss of deuterons in normal 

di 
titanium and as that in tritium, both quantities must be measured 

* ax
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Figure 4,2. The differential cross-section for the 

3(a,n) ‘He reaction vs. deutron energy.
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in KeV/me/oue for use in this equation. - n represents the tritium loading 

factor, i.e. the number of tritium atoms per titanium and it is generally 

assumed to be constant with a value of unity. The numbers 48 and 3 are 
- 

the mass numbers of titanium and tritium respectively. 
dE 

d 
The stopping power, ax » has been calculated by Benveniste 

and Senses”) « They interpolated the proton stopping power data of 

(71) 
Warshaw for 50 KeV to 350 KeV protons in aluminium and copper with 

respect to the square root of the mass number to produce a proton stopping 

power curve in titanium, Then by assuming that the rate of energy loss 

is a function of the velocity of the particle, 

(=) @ ~ (—2) (28) 
ax ax 

a deuteron stopping power curve in titanium was derived. Similarly, the 

rate of energy loss of deuterons in tritium was obtained using the provon 

data of Reynold et alo eee. Figure 4.4 shows the deuteron rate of energy 

loss in titanium tritide. 

Gunnerson and Jaes have measured the stopping power of 

deuterons in titanium tritide for a limited deuteron energy range 

(50 KeV to 120 KeV) and they report good agreement with values calculated 

by the above method. 

With this information the neutron yield as a function of 

deuteron energy can be calculated. The neutron yield, y, per unit solid 

angle, at an angle o. from deuterons in the energy interval E, to 
a 

Ey + OE, is obtained using equation 4.7 and it gives 
a 

(a) (@) y(¢,2E4) x da) dw JEg 6986.6 @ie:e e° 6 4.10 

ae 
dx 

N the number of tritium atoms per unit volume is assumed constant. To 

obtain the relative neutron yield versus deuteron energy, expression 

4.10 was evaluated in 10 KeV deuteron energy steps. The anisotropy was
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Figure 4.4. The stopping power curve of deutrons in titaniun 

(68) tritide, from Benveniste and Zenger
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taken as a constant with value unity, Figure 4.3. Mean values of the 

stopping power and the differential cross~section per steradian for 

each energy interval were taken from Figures 4.2 and 4.4, The relative 

neutron yield against deuteron energy is plotted in Figure 4.5. 

ae 2S, The Neutron Beam Profile 
  

The neutron beam profile, i.e. the relative neutron yield at 

each angle ew as defined by the @-detector, can be calculated using 

the information given in Figures 4,1 and 4.5. Figure 4.1 gives the 

deuteron energy range contributing to the neutron yield at a given angie 

?. defined by the qa ~detector. The neutron yield for this deuteron 

energy renge is proportional to the area under the curve of Figure 45 

in the ranse under consideration. For example, from Figure 4.1 at 

. = 80° the emitted neutrons having detected associated q-particles, 

i.e. the useful neutrons, are only produced by deuterons in the energy 

interval 140 KeV to 80 KeV. Figure 4.5 shows that the intensity of tue 

neutron yield is a function of deuteron energy. The area under the 

curve of Figure 4.5 in the energy interval 140 KeV to 80 KeV is 

proportional to the neutron yield for this deuteron energy interval, 

Thus the relative neutron yield at each angle ¢ a8 defined by the 

Q-detector, was calculated. The areas under the curve of Figure 4.5 

for each deuteron energy interval were measured with a planimeter, The 

calculated neutron beam profile as defined by the 90° - 4° Qa -detector 

is shown, in Figure 4.6. The full width at half maximum height of the 

neutron beam profile is exactly 8° which is the angle subtended in the 

horizontal plane by the a-detector. 

The angular range of neutrons ie the vertical plane is given 

by the angle subtended by the Q-particle detector in the vertical 

plane, because in a reaction the deuteron, triton, neutron and alpha- 

particle must all be in the same plane for energy and momentum 

conservation. The angular range of the defined neutrons was se
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in the vertical plane. 

& Ds Assumptions in the Calculation of the Neutron Beam Profile 

The two main assumptions in the previous calculations were 

(i) that the tritium loading factor was constant throughout the 

target and had a value of unity, and 

Ga) that the angular scattering of deuterons and alpha particles in 

the target was negligible. 

These two assumptions are considered in detail with particular emphasis 

on their effect on the neutron beam profile. 

The Loading Factor 

There is some uncertainty as to the ratio of tritium to titanium 

in targets. A factor of one was used in the above calculations but 

(74) 
Benveniste et al. have reported loading factors varying from 0.5 to 

1.2 and they explained anomalies in their results by suggesting a surface 

(73) 
layer of the target depleted of tritiun. Gunnersen and James devised 

an experiment to measure the distribution of tritium in a target. A 

single target 1,500 nm thick was examined. The surface layer was found 

to contain very little tritium, but at a depth of 100 nm the tritium level 

rose sharply to a loading factor of about two. The loading factor 

remained fairly constant to a depth of 450 nm after which the tritium 

level began to fall off, the last 600 nm being devoid of tritium, The 

distribution of tritium gave an average loading factor of one. 

The path length, x, of a deuteron in slowing down from an 

energy E, toE 
Pee 

is given by 

E 

2, ots 
x = ee 60> & «re e 

ie ( a) A -~ 
orm 

The target used in the present work had a thickness of 2,000 nm. The 

target was positioned at an angle of 45° to the deuteron beam so that 

a deuteron path length, x, in the target was equivalent to a true depth
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of penetration of X/N 2 ° Using the stopping power values of deuterons 

in the target taken from Figure 4.4, equation 4.11 was solved numerically 

in 10 KeV deuteron energy steps; the results are given in Table 4.1 

- 

  

  

Table 4,1 

Deuteron Energy Depth of Penetration 
(initially 140 Kev) into target, xW2 

120 KeV 110 nm 

110 KeV 150 nm 

100 KeV 220 nm 

50 KeV 520 nm         
The non-uniform tritium distribution requires that equation 4.10 

includes a term n(x) for the variation of the loading factor with the 

depth of penetration into the target. 

Eee en y « n(x) 

  

ad eee ee @ e@ le Le 

dig 
cae ne 

dx 

Assuming a tritium distribution in the target similar to that of 

Gunnersen and James and using the results of Table 4.1, then for the 

first 100 nm of the target, (i.e. for deuterons of 140 to 120 KeV)n(x) 

is slowly increasing, Therefore the relative neutron yield from 140 KeV 

to 120 KeV deuterons is reduced. For deuterons with energies from 

120 KeV to 50 KeV n(x) is constant and the relative neutron yield is as 

calculated. At lower deuteron energies the loading factor begins to 

fall, but this has little effect on the relative neutron yield as the 

reaction cross-section falls off sharply, see Figures 4.2 and 4.5, 

The deuteron stopping power to some extent depends on the 

(74) loading factor, (equation 4.9). However, ‘Beneveniste et al. showed
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that a 50% change in the loading factor gives only a 10% change in the 

stopping power. The relative neutron yield as a function of deuteron 

energy, (equation 4.10), is unaffected by the loading factor value used 

for the stopping power, because the shape of the stopping power vs, energy 

curve is a very weak function of the loading factor. Therefore, for 

deuterons below 120 KeV, for which the loading factor is constant, the 

relative neutron yield is approximately independent of the loading factor 

value. 

The net effect of the variation of the loading factor is to 

reduce the neutron yield from deuterons with energies of 140 KeV to 

120 KeV. A neutron beam profile was caculated for the extreme case in 

which no neutrons are produced by deuterons with energies between 140 KeV 

and 120 KeV. The beam profile was almost identical to that shown in 

Pies 4.6 except that the lowest neutron angle of emission was 78.5° 

as opposed <o 78° in Ficure 4.6. 7 

Angular Straggling of Deuterons and Alpha-Particles 

The path of a heavy particle through an absorber is practically 

rectilinear, however, the multiple collisions do tend to broaden out a 

collimated particle beam, producing what is termed angle straggling. 

Angle straggling can be calculated by an expression derived by Fermi‘? 

for the mean angle of divergence § ; 

‘ Ea 
n4 xen( 43 ) ce e@ heals 

2 ZZ se 

92 _ 212%" 

ER? 

where z is the particle charge, 

e is the electronic charge 

Z is the atomic number of the absorber, 

nis the number of absorber atoms per unit volume, 

a is the Bohr radius, and 

cl
 

is the mean particle energy after traversing a thickness x 

of the absorber.
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The angle straggling is proportional to the charge of the absorber, so 

to a first approximation, the effect was estimated by considering only 

the titanium in the target, which has an atomic number of 22 compared with 

1 for tritiun. @ was calculated for deuterons slowing down from 140 KeV 

to 100 KeV and to 30 KeV. The path lengths, x, to reduce the energy 

to 50 KeV and 100 KeV can be obtained from Table 4,1, The mean value 

of the angle of divergence, 6 » for 100 KeV deuterons was calculated to 

be 3° and for a 50 KeV deuteron it was Tome This effect is however not 

as serious as it at first appears. For example consider a 50 KeV 

deuteron interaction. If the deuteron undergoes no angle straggling 

and the qQ -particle is emitted at 90° ($= 90°) then from Figure 4.1 

the neutron angle $,, relative to the beam tube current direction is 

852°, However, if the duletbn is deflected through an angle of 10° 

before interacting the incident beam direction is effectively rotated by 

tc, If the Q& -particle is again detected in the centre of the detector 

the angle $a is effectively 100° (allowing for the 10° incident direction 

rotation). From Figure 4,1 this corresponds to an angle bn 75,2° 

relative to the rotated beam direction. The angle on relative to the 

beam tube current direction is however 85.2° which is the same as when 

no angle straggling occurs, Deuteron angle straggling would tend to 

broaden the defined neutron beam slightly for larger straggling angles 

because the relationship between Gand vs (at a given energy) is not 

linear over the larger angular interval, 

The q -particles also undergo angle straggling in escaping 

the target. The mean values of 6 were calculated by the Fermi 

equation for two cases: for a 90° emitted @ - particle in a 100 KeV 

deuteron interaction and for a 90° Q& =- particle produced by a 50 KeV 

deuteron, To calculate the mean angle of divergence, 0 » the energies 

with which the alpha-particles leave the target are required and also 

the depths, x, of the target they traverse, With the target plane at
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45° to the incident beam the alpha path length in escaping the target 

is equal to the deuteron path length, so that the values of x can be 

obtained from Table 4,1. 

The energy of an alpha-particle at production in the lab.system 

<8 given by Eg = 17.586 ~ EB +.B, where By and E are the alpha-particle 

and neutron lab. energies, 

The general expression for the neutron energy in the lab.system 

E 6 $2 Eq) is given eae. 

  

2 

< Bi m m m 

Bs (8,t)= (— Oa) gee Ee 4g) 
ab a ah Geant 

  

  

4 
= + 2cos¢$,, (ma, Me Ba ( m, z+ 2) 

rts (mm, ) mjtm, 

d 

E.sin?¢ r 
(2 oe may : eer n ) Ce Oe bre Lh 

m.+m : m 
aot m, ( t_E, + Q) 

m qtm + 

Equation 4.13 and 4.14 were evaluated for the two cases and the results 

are tabulated in Table 4.2, 

Table 4,2 

  

E oy g, E By 
  

110 Kev 90° 63° 14.197 Mev 3.499 MeV 
  

        50 Kev 90° 85° 14,128 MeV 3.508 MeV     
  

From the results of Table 4.2 both the 50 KeV and 100 KeV deuterons 

give 3.5 MeV a -particles. The energy with which these particles 

escape from the target was approximately estimated by the Bethe equation 

of the stopping power of non-relativistic heavy particles: 

  

A. 2m_v 

ee oe : \ ee ee hes 
mov? re



where Mm. is the electron mass, 

v is the particle, velocity, and 

I is the mean ionisation potential. 

. ‘ 

Again as an approximation, only the titanium in the target was considered, 

The expression used to calculate the ionisation potential was, 

I = 9.12Z(1 + 1.927”) eV 

(76) and for titanium I = 249 eV. In taken from Sheldon and Marmier 

the medium energy range, of the order MeV, the log. term of equation 4.15 

varies slowly and may be considered as a constant, Alpha~particles 

below 2 MeV tend to pick up electrons so that the effective particle charge 

is less than two. However, 3.5 MeV alpha-particles are adequately 

(76). described by the Bethe equation Equation 4,15 for the passage of 

Q = particles through titanium becomes, 
. , 

pe, heh 05" (oo 1603 ee) 
dx E : o4 

where E, is in MeV. 

Assuming the log term varies very slowly with Eq and evaluating 

it with Eq = 3.5 MeV gives, . 

dk 8, 232 
tee a 

dx Ey 

Integrating gives E a = 5 s - 16,464 Ci@ iw 6 & eee IO 

where Ey is the initial energy and By is the mean Q@ -particle energy 

after traversing a thickness x of the target. 

Using equation 4.16 and the Fermi equation the mean angles of 

divergence were calculated for the two cases and the results are shown 

in Table 4,3,



O76 

  

  

  

Table 4,3, 

BE x E ae 
d 

110 KeV 220 nm 3.45 MeV Lye 

50 KeV 730 nm 4.32 MeV 26!             

The results show that the multiple scattering of the alpha particles 

in escaping the target introduces an angular nceyi ot oor about a 

quarter of a degree. 

Angular straggling of the alpha-particles introduces a spread 

in the defined neutron cone, (neutron beam profile) of the order of 2°, 

This does to some extent compensate the Joss of neutrons in the angular 

interval e.% 78° to $y = 784° due to the depleted surface layer of 

tritium in the target. 

In conclusion, the assumptions made in calculating the neutron 

bean profile, Figure 4.6 have little effect on the shape of the profil<. 

4.2.5 The Neutron Line Shape 
  

The energy distribution of source neutrons at a given angle 

of production, $, : is termed the line shape. The neutron energy is a 

function of both the angle of production, ¢ n? and the deuteron energy 

Bae The ordinate of the neutron line shape is proportional to the 

neutron yield and it is given by the expression for the neutron yield as 

“a function of angle $ , and deuteron energy, y(¢ Ba). equation 4,10. 

The abscissa of the line shape, i.e. the neutron energy as a function of 

angle ¢, and energy E,, Ey C$ Eg ), is given by equation 4.14, 

Equations 4.10 and 4.14 were evaluated for a range of 

deuteron energies from zero to 140 KeV, for an angle $y = 84°, The 

neutron line shape is shown in Figure 4.7. The line shape is typical 

of the energy spread of the defined neutron beam because the neutron 

angular range of interest is limited. Neglected in the calculation 

of the line shape, equations 4.10 and 4. 14 , was the



  

120: 

Relative . 

neutron 

yield per 
steradian 6 

~ 

20 -          l 

14.06 14.10 14.14 14.18 14.22 EA MeV 

  

Figure 4.7. The neutron line shape, $= 84° and E.= 0 to 140 keV. 
-
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variation of the tritium loading factor and the deuteron beam 

scattering. The variation of the loading factor would tend to reduce 

the number of neutrons produced by 120 KeV to 140 KeV deuterons, In 

Figure 4,7? the effect on the line shape is shown for a deuteron energy 

limit of 120 KeV. Deuteron scattering would tend to broaden the line 

shape slightly as effectively it increases the neutron angular production 

interval. 

The total energy spread of the neutron beam, defined by the 

alpha-detector, was only 100 KeV. 

4.3. Sample Size end Geometry 

For a fixed neutron source to sample distance there are primarily 

three factors effecting the sample size and geometry. These are neutron 

nfultaple scattering, neutron attenuation and y-ray absorption in the 

scattering sample. 

4.3.1. Multiple Scattering 

The expression for the calculation of the y-ray differential 

cross-section, equation 4.4, assumes that the y ~ray yield is due to 

neutrons that have interacted only once in the scattering sample, so that 

there is an exponential fall off of the neutron flux through the sample. 

However, after a neutron has been scattered once, either elastically or 

inelastically, it is possible for the neutron to interact a second time, 

Neutron elastic scattering is very forward peaked and neutrons interacting 

by this process are only marginally reduced in energy, (except for 

soabbering off light nuclei A < 12). The effect of multiple scattering, 

in y-ray production cross-section measurements, is to cause an increase 

in the y-ray yield, due to the effective increase in the neutron flux. 

Consequently the calculated cross-section is artificially high. The 

probability of multiple scattering depends on the dimensions of the 

sample and on the scattering cross-section, 

beg Oe 
has investigated the dependence of neutron multiple
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scattering on sample thickness with particular reference to the y-ray 

production cross-section in inelastic scattering. Day measured the 

0.847 MeV y~ray production cross-section in the inelastic scattering 

of 2.6 MeV neutrons off iron with five different sized samples. The 

cross-sections, in each case, were calculated by two methods; firstly 

ignoring multiple scattering and secondly including a correction for the 

increased y-ray yield from second neutron scattering events. Figure 4,8 

shows the results; the total y-ray production cross-section is plotted 

ihet the sample thickness in mm and mean~free path lengths both with 

and without the multiple scattering correction, (The mean~free path 

is the inverse of the total macroscopic cross-section). A significant 

result of this work is that multiple scattering is appreciable for thin 

scattering samples, This is in contrast to wait’??? who states that 

multiple scattering is not appreciable for samples less than 0.2 mean-free 

paths thickness. From Figure 4.8 a scattering sample of 0.2 mean-free 

paths thickness causes an increase in the measured cross-section of 14%, 

Multiple scattering corrections require a great deal of tedious 

computing; however Day found a simple alternative way of calculating the 

cross-section. He neglected multiple scattering and assumed that the 

neutron flux was constant throughout the sample. This assumes that the 

increased y-ray yield from second scattering events is exactly 

compensated by neglecting the neutron beam attenuation. Provided that 

the sample thickness had a neutron transmission of not less than about 

0.7 , Day found that the cross-sections calculated in this way had a 

root mean square difference with those calculated with the multiple 

scattering corrections of only 3%, the simpler method generally giving 

smaller cross-sections, The validity of this approximation was 

(78) verified by Nishimura et al. who found that cross-section 

measurements agreed within 2% for different sized samples, with incident 

(14) 
neutrons of 2.5 MeV. Martin and Stewart also obtained good
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agreement for cross-section measurements with different sized samples 

using 14 MeV neutrons, 

The above method was adopted in the present measurements. 

Equation 4,4, for the calculation of the different cross-section, with 

the neutron flux remaining constant throughout the sample, becomes 

px = G(o) Pee Ye 
an. Néx AQ e(z,) 5 (H0) 

The terms are as defined in section 4.1. 

oe. Choice of Sample Geometry 
  

Two sample geometries, cylindrical and flat plate, can be used 

with the openeht experimental arrangement. With cylindrical geometry 

the sample is made in the form of a right solid cylinder and with flat 

plate geometry the sample is in the form of a thin rectangular slab of 

material, Flat plate geometry has severel advantages for use with the 

associated particle method. 

The scattering sample should completely subtend the neutron 

beam defined by the associated alpha-particles. This can easily be done 

with a slab sample but not always with a cylindrical sample. To use 

the method described in the previous section to correct for multiple 

scattering, the sample should have a neutron €henisd asin of not less 

than 0.7 and this usually limits the sample thickness to a maximum of 

20 mm to 30 mm depending on the total cross-section for the particular 

sample. The width at half maximum intensity of the neutron beam, as 

defined by a 90° Z 4° alpha detector, with a 250 mm source to sample 

distance is 55 mm and the total width of the neutron beam is 56 mm 

(Figure 4.6). Clearly, multiple scattering becomes a problem if a 

cylindrical sample 56 mm in diameter is used. The signal to background 

ratio deteriorates if either a smaller diameter sample subtending a 

fraction of the defined beam is used, or if a narrower neutron beam is
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defined. This problem does not arise with a slab sample as a thin slab 

can completely subtend the defined neutron beam without introducing 

multiple scattering difficulties. Another advantage of the flat plate 

geometry is that if the sample is made slightly wider than the defined 

neutron beam, then a small error in positioning the sample does not alter 

the sPtovtite sample thickness compared with the use of a cylindrical 

sample where an error in positioning the sample alters the effective 

sample thickness. 

For these reasons the present measurements were made with flat 

plate geometry samples 

oo 5.4, Gamma-Ray Absorption in the Scattering Sample 

The correction for self-absorption of Y-rays by the scattering 

sample is most important in cross-section measurements as it is of the 

order of 10%. The absorption depends on the sample size and the y -ray 

absorption coefficient for the material. The absorption coefficient is 

a function of y-ray energy and depends on the Z number of the sample as 

discussed in section 2.1. 

To minimize Y-ray absorption the sample thickness has to be 

kept to a minimum, while maintaining a reasonable signal to background 

ratio. With flat plate geometry the positioning of the sample strongly 

effects the Y-ray absorption. If the sample is positioned so that the 

incident neutron flux is normal to the plane of the sample, then y -rays 

escaping at a small scattering angle have a minimum thickness of material 

to penetrate, while y-rays scattered at 90° have a maximum thickness to 

penetrate and are strongly absorbed. However, if the plane of the 

sample is placed at an angle of 45° to the incident neutron beam, as 

shown in Figure 4.9, the absorption is still a function of scattering 

angle but the magnitude of the correction does not change so much 

between O° and 90°. The y-ray absorption correction can be simply 

and accurately calculated with the flat plate sample so positioned,
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To calculate the correction factor the irradiated portion of 

the sample is divided into elemental strips of width dx as shown in 

Figure 4.9, The y-ray yield varies at points along an elemental strip 

particularly. at the ends of the element because the relative neutron yield 

varies With the neutron angle, vo. In the calculation of the Y-~-ray 

production cross-section it is assumed that the neutron flux is constant 

throughout the sample (to correct for multiple scattering), so that the 

Y ~-ray yield from each element is constant. The fraction of the total 

er a produced in any element is then given by os » Where b is the 

sample thickness, With the sample-detector geometry used the detector 

crystal face was positioned 1.39 m from the scattering sample, It is 

assumed that the detected y -rays formed a parallel beam, This avoids 

the need to integrate along the length of an elemental strip for the 

change in scattering angle and yield along the strip. In view of the long 

flight path this is a good approximation. Thus the fraction of y-rays 

produced in a single element, escaping the scattering sample at an angleé, 

is given by 

cae ox 
eta Hos (0-U5°) ) b 

where pf is the Y-ray absorption coefficient and x is as shown in 

Figure 4.9, This assumes that all detected Y-rays escape through face 

A of the sample, Figure 4.9, The samples were made wide enough to meet 

this requirement, The total fraction of Y-rays escaping the sample, S(6@ )' 

is obtained by integration through the sample, 

Tie. 

, b S(0) = | exp Mewes ax 
. cos (0-45°)/ |B 

giving, 

i 

co (9-4.5°) : 
s (0) - 1 - exp fe ub ) lia37 

Lb oO 
cos (0-5~)



Scattering sample 

  

4a 

     

     

Angular range 

of neutron beam 

x ~ direction 

Figure 4.9. Sample geometry.



If the total y-ray absorption coefficient is used in equation 4.17, 

S(@) gives the fraction of y-rays escaping the sample without interaction 

and it does not include degraded y-rays from Compton scattering. Values 

for the total linear absorption coefficients (less coherent scattering) 

(47) were obtained from Grodstein who has tabulated the Y~ray mass 

absorption coefficients, (i.e. w/o where p is the sample density), of 

most elements for y-ray energies from 10 KeV to 100 MeV. 

To illustrate how the absorption varies with y-ray energy, 

Viruzk 410 shows the absorption correction plotted against Y -ray energy 

for a 19.8 mm thick titanium slab sample at a scattering angle of 45? 

ise. 0 = 45°, The shape of the curve is typical of all elements. The 

y -ray self-absorption is a minimum at @ = 45° where 786% of 1 MeV y ~-rays 

escape the titanium sample without interacting, At a 90° scattering angle 

the value drops to 71%, 

44. Semple Thickness 

Equation 4,16 for the calculation of the differential y -ray 

production cross-section is derived assuming that a narrow parallel beam 

of neutrons is incident normally on a uniform scattering sample. However, 

the neutron beam diverges from a point target over en angular range of 

13°, (Figure 4.6). The neutron flux as defined by the alpha~detector 

varies across this angular interval, As the neutron beam at 250 mm from 

the source is slightly diverging, the sample thickness varies with the 

neutron angle, on? and with the plane of the sample at 45° to the beam 

the variation of sample thickness with neutron angle is more marked. 

From Figure 4,9 it can be seen that as ¢@ “ increases, the sample thickness 

increases. To correct for this the sample thickness tem, x, in 

equation 4.16 was replaced by a weighted term. 

The neutron beam profile, i.e. the variation of the neutron 

yield with angle as defined by the alpha detector is divided into 

angular intervals o¢, and the frection of the neutron beam per unit
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Figure 4.10. Gamma-ray absorption by a 19.8 mm titanium sample 

positioned at 45° to the neutron beam. 

A ata 45° scattering angle and B_ ata 90° scattering angle.
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beam, fas in the Pp angular interval is estimated. The fraction f. 

is given by the ratio of the area under the neutron beam profile curve 

in the interval (59) to the total area under the neutron beam profile 

curve, and 2 fr. = 1. EE x is the mean sample thickness in the ee 

(Sd 5 for a flat plate sample at 45° to the neutron beam, the effective 

sample thickness weighted by the incident neutron beam fraction per 

incident neutron is given by ‘ £5x,° 

The weighted sample thickness was evaluated using the neutron 

beam profile calculated in Figure 4.6. The beam profile was divided up 

into one degree intervals and the areas under the curve were measured with 

a planimeter to calculate the fractions fie The weighted sample thickness 

calculated in this way was only 1.2% higher than the sample thickness 

given by ee » Which is the sample thickness seen by the centre of the 
cos 45 

neutron beam. 

Aa, The Integrated Neutron Flux, 

One of the important advantages of the associated particle time 

of flight method is that it enables the neutron flux incident on the 

scattering sample to be accurately determined. The neutron flux is given 

by the a~-~monitor count. However, the @~-monitor count has to be 

corrected for two effects, The corrections are for background radiation 

‘in the detector and for neutron absorption in the target assembly. 

  

‘Q - Monitor Background 

The aici’ correction can be divided into two parts. The 

first part is due to the detection of source neutrons and radiation 

promptly emitted in fast neutron interactions with the material of the 

target assembly. The second part of the correction is for the detection 

of y-rays and 8 -particles resulting from the activation of the target 

assembly. 

Immediately after switching off the deuteron beam, after each 

data cycle, the background count rate in the alpha-monitor was noted,
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This background was entirely due to y-rays and f -particles emitted 

by the active target assembly material, as prior to an experimental run 

the background count rate was zero. Provided the neutron yield remained 

constant, the correction for the activation background remained fairly 

constant for a period of up to eight hours, After a lh period of neutron 

production the activation background accounted for 1% of the q -monitor 

count. As this correction factor was checked regularly, the activation 

background was corrected for with a negligible experimental error. The 

Y -ray detector was used to investigate the source of the activation 

background observed by the a -detector. After a days experimental run 

the Yyrray detector was placed as close to the a-detector as possible to 

record the Yo-ray spectrum of the active target assembly and to observe 

its rate of decay. The y~ray spectrum fell from a maximum at zero 

pulse height to zero at 3 MeV pulse height with four prominent peaks 

superimpose] at y -ray energies of 0.511 MeV, 0.85 MeV, 1.81 MeV ana 

2.12 Mev. The 0.511 MeV y-ray had a haif life of approximately 10 min 

and the other y -rays had half lives of several hours, 

The sources of the y~rays were identified using the table of 

(32) 
and the Barn cross-section book e The materials in the 

79 
isotopes 

target assembly consisted mainly of iron, copper and zinc. The most 

probable activation reaction with iron is the ae PICT a reaction 

which has a cross-section of only 110 mb at 14 MeV. un decays with 

a half life of 2.5 h and accounts for the three higher energy y-rays 

mentioned above. The activation of both copper and zinc is predominantly 

by the (n,2n) reaction. A 0.511 MeV annihilation y-ray is produced 

© ou(n,2n)°cu reaction which has by the pt decay of 62 ou following the 

a cross~section of 550 mb and 6204 has a half life of 10 min, The 

unstable products of the (n,2n) reaction with zine and copper produce 

very few y~rays.
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Thin plastic scintillator sheet is an inefficient y-ray and 

neutron detector. The efficiency of 0.5 mm NE 102A scintillator was 

estimated as 0.2% for 14 MeV neutrons: considering only (n,p) scattering 

with the hydrogen of the scintillator, The efficiency for y-rays was 

calculated to be 0.6% at 0.3 MeV and 0.4% at 1 MeV y-ray energies using 

(47) 
the absorption coefficients of Grodstein for carbon and hydrogen. 

One third of the scintillator area was exposed to aQ-particles and the 

whole area was effectively exposed to neutrons and y-rays so the 

detection eificiencies must be multiplied by a factor of three for 

comparison with the q -efficiency. The direct neutron detection count 

is increased by neutrons elastically and inelastically scattered by the 

target assembly and by neutrons from (n,2n) reactions, The cross-sections 

for these processes with iron and copper are very large, and besides giving 

a flux of neutrons degraded in energy, the inelastic and (n,2n) reactions 

Give rise to a large flux of prompt y -rays. There is at present very 

little data on y-ray ne cross-sections in neutron reactions, but 

as an illustration of the magnitude of the processes the production 

cross-section of 0.85 MeV and 1.24 MeV y-rays following neutron inelastic 

56 (15) .. scattering from ~ Fe has been measured by Martin and Stewart 

1.95 barn. Thus in view of the prompt Y-rays emitted in activation 

reactions and the direct and scattered source neutrons the order of 

magnitude of this background correction must be several times greater than 

the activation background correction factor. Clearly the correction factor 

cannot be calculated in view of the difficult geometry and lack of cross- 

section Haeal the background was therefore measured experimentally. 

To measure the neutron and y-ray prompt background correction 

factor, the q-monitor count was first recorded for many different 

deuteron beam target currents, corresponding to neutron yields from 

7 
5ex 10° neutrons s to, 1.65,;x% 10: neutrons s*, The a -detector 

aperture was then replaced by a blank plate of the same thickness so that
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all a-particles were completely shielded from the detector. The 

alpha-monitor count was then noted for the same target currents. This 

monitor count was entirely due to the neutron and y-ray background. 

The monitor counts were corrected for the activation background giving a 

value of 5.5% for the percentage of the @-monitor count due to prompt 

neutrons and Yy-rays. The value was the same for each neutron yield 

within : 0.2%. As the blanking plate was only 1 mm thick it introduced 

a negligible amount of neutron and y-ray shielding of the scintillator. 

Aluminium has low 14 MeV reaction Shone-wke li Gan and coupled with its 

small thickness, it introduced a small amount of secondary radiation. 

It was assumed that this secondary radiation cancelled the loss of protons 

normally detected from the (n,p) reaction with iron, which also has a low 

cross-section. The estimated error in the determination of the neutron 

background was less than 0.5%. The prompt background correction factor, 

Fi» was then equal to 0.945. 

Absorption in the Target 

The target assembly was designed to give minimum neutron 

absorption as the source neutrons had only a small thickness of material 

to penetrate, However, in the present use the neutron beam, defined by 

the associated Q-particles, left the target at a mean angle of 38° to 

the normal to the plane of the target and this increased the neutron path 

‘length through the assembly. With information on the target holder 

supplied by the manufacturers the neutrons had to penetrate an estimated 

5-5 mm of steel and 1.3 mm of water, The steel thickness was large 

because it included a path length of 3 mm through the strengthening rib 

across the back of the target holder which was penetrated because of the 

oblique angle of emission of the neutrons. 

The intensity of the defined incident neutron flux on the 

scattering sample was reduced due to neutron elastic scattering and 

non~elastic reactions in escaping the target assembly. Neutron elastic
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scattering is very forward peaked, for example the differential elastic 

scattering cross~section of iron, measured by Coon et gig has a 

value of 2.7 barn/st. at a zero scattering angle and falls to a value less 

than 50 mb/st. at scattering angles greater than 35°, It would appear 

that a large fraction of the source neutrons elastically scattered in the 

target assembly would still pass through the scattering sample. A value 

of the elastic neutron scattering cross-section corrected for this effect 

was then calculated for each of the materials: hydrogen, oxygen and iron. 

Essentially the problem was to calculate the elastic cross-section for 

neutrons only scattered out of the solid engle subtended by the scattering 

sample. 

The mean maximum scattering angle that neutrons could be scattered 

and still pass through the scattering sample was estimated as 812° for all 

the scattering samples used. The cross-section for neutrons elastically 

scattered by angles less than 8,0» using equation 4.2, is given by, 

ag ee 

c= arr PLE BIOS ain: wie Cee edo 
0 

where o (6) is the differential elastic scattering cross-section in the 

angular interval between the integration limits. The corrected elastic 

cross-section is given by 0, — O,where 0, is the elastic scattering z e 

cross-section. 

Data on the total and non-elastic cross-sections was taken from 

(32) the Barn book ° The differential elastic scattering cross-section 

(80) 
data for iron, oxygen and hydrogen was taken from Coon et al. 

(81) (82) 
Bauer et al. and Murray i As differential elastic scattering 

cross~section data is always given in the centre of mass system of 

co-ordinates, the masclemun laboratory system scattering angle of B15? was 

converted into the centre of mass system using equation (4.8). In the 

centre of mass system the maximum scattering angle for iron, oxygen and 

hydrogen becomes 8°36", 9° and 17° respectively. As the equations for
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the differential cross-sections.were not given in the literature, mean 

values of o-(@) were used to solve equation (4.18). This introduced a 

negligible error as over the angular range of interest the differential 

cross-sections changed by less than the experimental error in the ce 

points. The 14 MeV neutron cross-section data taken from the above 

references and calculated using equation 4.18 is summarised in Table 4.4, 

Table 4,4 

  

Element 0; G- o(é) o corrected 
Fcnaemearataee ab e 4 

total 

cross-section} 
  

Hydrogen 0.66 barn 0.66 barn 0.66 barn/st 0.014 b 0.646 b 
  

Oxy gen a 0.88 " x a 0.077 b neces OD 
  

Iron 235° 9 dh." 2.6 wn 0.184 b 2.316 b                 
The fraction of source neutrons escaping the target, Pos is then given by, 

Fo = xp - (26% + ( Xo + Bu) ay ) 4.19 

where 2 Fes2 » Oy are the corrected macroscopic total cross-sections 

for iron, oxygen and hydrogen respectively and x) and x5 are the mean 

thicknesses of iron and water the neutrons penetrate, 

The fraction of source neutrons escaping the target was 

calculated as 0.886. 

The main uncertainty in this calculation was the mean 8° 

allowable angle for elastic scattering. However the neutron correction 

factor, Ps | 

calculated using the total neutron cross-section was only 1% lower. 

» is rather insensitive to the value because the fraction Fy 

The integrated neutron flux as determined by the Q& -monitor 

count was first corrected for the activation background in the q monitor 

detector and the corrected integrated flux was multiplied by the two
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correction factors, F, and F, having values 0.945 and 0.886 respectively. 

In this way the integrated neutron flux was determined with an estimated 

error of less than 1%, 

45. Gamma-ray Detector Efficiency 

To determine the number of Y -rays emitted by the sample into 

the solid angle subtended by the detector crystal, the y-ray spectrum 

has to be corrected for the detector efficiency. The absolute y -ray 

detection efficiency, Pee ils is the fraction of y-rays, of energy Ey 5 

incident on the detector that interact with a finite loss of energy. The 

efficiency is a function of the - singh eitentax geometry in that the path 

lengths through the crystal of the source y-rays change with the source 

to detector separation. 

To use the total absolute efficiency at a given energy, the 

integrated count in the pulse height response function of the detector is 

required, In the present work this info:mation was impossible to obtain 

as the pulse height spectrum below the y -ray discrimination level was not 

recorded. Even if the total spectrum could be recorded, the method has 

the draw back that the spectrum has to be corrected for radiation scattered 

into the detector by the collimator. 

An alternative method is to use the full energy peak efficiency, 

e(H,) e The full energy peak efficiency is defined as the ratio of the 

‘number of counts within the full absorption peak, at energy xy 5 LO the 

number of gamma-ray quanta of energy Ey incident on the scintillator. 

It would be difficult to calculate the full energy peak efficiency directly 

because of the large number of multiple processes that occur in a 

scintillation detector. The peak efficiency was then determined by the 

following relationship 

e(E,) = PQ) T (,) . ks 4 ee eee 

where P(E,, ) is the peak to total ratio and it is defined as the fraction
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of the total counts in the pulse height spectrum of a Y-ray line of 

energy E,, which appear in the full energy peak. The peak to total ratio 
x 

was measured experimentally and the absolute detection efficiency was 

calculated for the experimental geometry used, 

With the detector crystal face positioned 1.39 m from the 

scattering sample, iba detector subtended a very small solid angle at the 

sample and to a good approximation the source Y -rays incident on the 

crystal could be considered as a parallel beam, Assuming that the y -ray 

flux is incident normally on the crystal face, the total efficiency is 

given by the fraction of interactions in the detector multiplied by the 

fraction of the incident radiation penetrating the detector entrance 

window, 

T(E) = oats € - ee oy 

where Xp and Xo are the detector entrance window and crystal thicknesses 

respectively and Wy and [L ¢ are the respective aluminium and crystal 

total linear y -ray absorption coefficients. The use of the total 

absorption coefficient for the entrance window introduces an error into the 

absolute efficiency as degraded y -rays from Compton interactions in the 

aluminium can still be detected. However this introduces no error in the 

full energy peak efficiency because any interactions in the entrance window 

produce degraded y -rays of lower energy than the full absorption peak 

energy. The entrance window thickness consisted of the crystal packaging 

which the manufacturers stated as being equivalent to 280 mge/om@ of 

aluminium and the detector housing can which was 75 me/om” of aluminiun, 

The total y -ray absorption coefficients, less coherent scattering, were 

taken from values tabulated by Grodetesn erodatet st compared the 

calculated coefficients with the available experimental data and estimated 

the error in the calculated results. For y -ray energies below 50 KeV 

the error was of the order 10%, however, with increasing energy the data
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became more reliable and for the Yy-ray energy range 0.5 MeV to several 

MeV the error was 2%, Considering the error in the dimensions of the 

machined crystal as being negligible, a 2% uncertainty in the absorption 

coefficients gave a 0.455 to a 1% error in the total efficiency for y “ray 

energies varying from 0.5 MeV to 2 MeV. 

S541 Peak to Total Ratio and Full Energy Peak Efficiency 

The peak to total ratio, PCR), depends in a complex manner 

on the incident y-ray energy the absorption coefficients of the various 

interaction processes, the energy spectrum of the secondary photons, the 

crystal dimensions ae the experimental geometry. It is better to measure 

the quantity experimentally, because of the many factors involved. 

Suitable y-ray sources for the measurement of the peak to 

total ratio must emit a si viens energy y-ray, and this restricts the 

number of useful isotopic sources, However measurements were made at four 

Yy ~ray enccgies covering the energy range over which absolute differential 

1.37 cross-section measurements were made, The isotopic sources used were “~‘Cs, 

un, ea and Bay giving Y ~-ray lines of 0.662 MeV, 0.835 MeV, 1.28 MeV 

and 1.78 MeV respectively. 

The spectra should be observed under scatter free and low 

background conditions. To keep the background low the detector must be 

shielded and to reduce scattering from the shield, the shield should be 

large and constructed of a dense material, usually lead. A shield was 

constructed of 50.8 mm thick lead bricks, and it measured 450 mm square by 

750 mm tall. The detector was placed in the centre of the shield and the 

top of the shield was covered by a 25 mm thick lead sheet. 

With an uncollimated source the peak to total ratio is 

independent of the source to detector distance for separations of 100 mm 

(83) 
and greater, Heath has shown that for a point source the peak to 

total ratio increases by less than 2% for a change in the source to 

detector distance from 30 mm to 100 mn, The thin disc shaped sources
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were then positioned 120 mm above the crystal face. Finally the spectra 

were corrected for background radiation. 

To determine the total count in the full energy peak the method 

suggested by Heath o>) was used, i.e. the low energy side of the peak ae 

completed so that the peak was symmetrical. The total spectrum count was 

corrected for the back scatter peak, and the spectrum count of ae which 

decays by at emission was corrected for the annihilation y-ray spectrum. 

The subtraction of the 0.511 MeV annihilation spectrum did not introduce 

a large error as it sits on the flat part of the Compton spectrum of the 

1.28 MeV y -ray. The peak to total ratio had to be corrected for the 

increased spectrum count due to the detection of degraded y-rays from the 

interaction of source Yy-rays in the detector entrance window. At the 

energies peak to total ratio measurements were made, the interaction of 

Y -rays with aluminium is only by the Compton effect, Grodatein’ 2. 

To estimate the increase in the total spezstrum count resulting from these 

interactions, it was assumed that the source Y-rays interacted only once 

in the aluminium crystal entrance window, and that half of the degraded 

“ y rays passed through the crystal. It was further assumed that the 

forward scattered Yy -rays were detected with an efficiency given by 

(1 - e Mc ) where Hg is the total linear absorption coefficient for 

. the mean energy of the forward scattered y -rays. This approximation 

‘was justified in that,at most, only 3% of the source y ~rays interacted 

in the afufy rus entrance window and that the total spectrum count was 

corrected by only 1% or less. The measurements were made three times 

with each source and the results are shown in Table 4.5. The experimental 

error, due mainly to the backscattering correction was estimated as 3%, 

  

  

  

Table 4.5 

E Pins 2 
Mev Meaaenencet a Heath P7) Bova ‘ot Lazar ‘°>) Grumbton 2 

0.662 | 0.51 5 0.015 | 0.534 0.55 0.542 0.505 
0.835 | 0.45 = 0.014 0.469 - 0.476 0.443 
1.28 0.354- 0.010 - - - = 

1.78 0.266~ 0.008 0.292 re 0.295 i              
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In table 4.5 the results are compared with the available 

experimental data obtained under similar conditions for 76.2 mm crystals. 

Heath's and Lazar's results are for a point Manet LOO mm above the 

crystal; Barowski's results are for a broad parallel beam and Crumpton's 

_ results are for a disc source 100 mm above the crystal, With the 

Peentin of the results due to Crumpton the present measurements are 

several percent lower than the other data. As the most extensive 

published work is due to Heath ©?) a smooth curve was drawn through the 

measured points following Heath's curve; this is shown in Fisure 4,11 

The measured peak to total ratios were, on average, 4.5% lower than 

Heath's results. | 

With values of the peak to total ratio, Py ), taken from the 

curve drawn through the experimental results, the peak efficiency was 

calculated by the following equation, 

e(E,) = P(E) ea *n (: - oHo*e) Loe 

The full energy peak efficiency vs, y~ray energy curve is plotted in 

Figure 4,12, Jarczyk et ar, 87) measured the peak efficiency for 

several different sized crystals for a broad parallel beam of radiation. 

They made fcAuiohenke with a 76.2 mm crystal at two energies, 0.662 MeV 

and 2.75 MeV; their results are plotted in Figure 4,12. The results 

of Jarczyk et al. are in good agreement with the present peak efficiency 

results even though the peak to total ratio values used were generally 

lower than the comparison data. 

The error in the peak efficiency owing to the errors in the 

peak to total ratio and y-ray absorption coefficient data was 

estimated as 3.5% adding the errors quadratically.
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Figure 4.11. Peak to total ratio for a 76.2 mm (3in) sodium 

jodide crystal. 

e Measured values. 

4 Heath's (©3) results.



0,8 

0.7 

0.6 

0.5 

Peak 
efficiency, 
é€(E). 0.4 

0.3 

0.2 

0.1   
Gamma-ray energy MeV 

Figure 4.12. Peak efficiency of the 76.2 mm sodium iodide crystal. 

h Peak efficiency measurements of Jarczyk et ar. (87)



1056 | 

CHAPTER 5 

Absolute Cross-section Measurement Results 
  

D eilie Differential Cross-section Measurement Procedure 
  

With the electronic system set as described in Chapter 3, Y~-ray 

spectra were observed for differential cross-section measurements, The 

procedure adopted for taking measurements is described below. 

The electronics was switched on at least 1% h prior to taking 

measurements to allow the system to stabilise. The neutron source was 

also run for a minimum of 45 min prior to an experimental run to allow the 

activity of the y-ray detector and the target assembly to begin to level 

off. 

Alternatg runs were made with the scattering sample in position 

and with the sample removed for the background correction to the spectrum. 

The runs were made for the same integrated neutron yield as determined by 

the q -monitor. The magnitude of the background correction to the Y -ray 

spectrum was found to be dependent on the source strength, not simply the 

integrated neutron yield, so it was important to maintain a constant source 

strength to enable the correct background correction to be made; this point 

is discussed in section 5.1.1. The need to maintain a constant source 

strength limited the intensity of the neutron source. The a-detector 

photomultiplier could operate at count rates in excess of 10° counts -. 

However, in practice the count rate was usually limited to between 

3.10" to 955 10" counts o as this was the maximum neutron yield that 

could be maintained with good stability for long periods, up to eight 

hours, and this corresponded to a source strength of 10° neutrons a 

A ainets data accumulation period was about 25 min. and 

corresponded to an a-monitor count of 5.10’, After this period the 

multichannel analyser Y -ray spectrum was printed out on paper tape. 

The background was then subtracted with the sample removed and the
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corrected spectrum was printed out. After this data cycle the deuteron 

beam was switched off and the background count rate in the Q ~monitor 

was noted. This count rate gave the activation background, 

The accumulated y-ray spectrum in the multichannel analyser 

was cleared after each data cycle to check the energy calibration because 

of tie slowly varying gain of the Yy -ray detector. The Y ~ray energy 

calibration was checked by observing the channel about which the 1.28 MeV 

Y ~ray peak of *ENe was centred. The drift, usually less than half a 

channel, was corrected by adjusting the fine gain of the main amplifier. 

The y-ray spectra obtained from each data cycle were then 

added by hand. A final spectrum at a given scattering angle was obtained 

after siut twenty such data cycles and it took two to three days to 

accumulate. 

Deeds Tne need for Stability in the Neutron Source Strength 

It, follows from equation 4,16, in which G(@ )x g , that the 

Y -ray signal count rate, G(t) is proportional to the neutron source 

strength; i.e. G(t) « S(t). 

The recorded background results from random coincidences between 

| the background flux incident on detector and the alpha-detector pulses. 

Thus the recorded y-ray detector background count rate, B(t), is 

proportional to the product of the background flux and the & ~-monitor 

count rate both of which are proportional to the neutron source strength, 

S(t). It follows that: B(t) «[S(t)]°. 

This illustrates the necessity of keeping the neutron source 

strength, S(t), constant because the recorded number of background counts, 

B, after a given integrated neutron yield, S, is then proportional to 

s(t), whereas the signal count is simply proportional to S. 

sce Silicon 

becel. The.Scattering Sample 

The scattering sample was made of powdered silicon because it
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is a very hard material and difficult to machine. 99.9% pure silicon 

powder (< 45m) was packed into a thin walled rectangular vessel which 

was made of 0.5 mm tin plate. The sample measured 120 mm by 70 mm and 

was 32.4 mm thick. The sample had a density of 1,330 kg a which is 

considerably lower that the density of solid silicon (2,400 kg mn), 

An identical empty vessel was used for the background subtraction runs so 

that the accumulated Y-~-ray spectrum was due to the silicon with no 

contribution from the iron vessel, 

Fase s Gamma-Ray Spectra and Interpretation 
  

Gamma-ray angular distribution measurements following the 

interaction of 14 MeV neutrons with many elements have shown that the 

shape of the distributions vary slowly with angle. For this reason, and 

ne view of the good angular resolution, z oe, of the present method, 

differential cross-section measurements could be made at large angular 

intervals, i.e. 15° to 20°, to obtain an angular distribution. Spectra 

were accumulated at six scattering angles: 30°, 35°, 45°, 75° and 90°, 

The use of a 100 channel analyser restricted the energy range 

over which the spectra could be recorded, without having too course an 

energy interval per channel, Spectra were recorded for the 1 MeV to 

4 MeV pulse height region; the lower limit was set by the y-ray 

discriminator, A spectrum is shown in Figure 5.1. This is typical of 

all the spectra obtained from silicon and the one shown was obtained at a 

4s? scattering angle. The spectrum is almost continuous with only a 

single y-ray line resolved at 1.78 MeV. The first escape peak of the 

1.78 MeV line is visible at 1.27 MeV. The error bars shown in the region 

of the full energy peak are discussed in section 5.2.3. The rather poor 

wlatiaties result from the low spectrum counts, however the number of 

counts is approximately three times greater than typically obtained by 

(15) 
Martin and Stewart who also used the associated particle method, 

Each spectrum took approximately 20 h to accumulate,
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The three most probable reactions giving rise to the detected 

Yy - rays are the (n,n'), (n,p) and (n,@) reactions. The silicon 

non-elastic cross-section, at 14 MeV is 1,020 mb and the (n,p) and (n,q@ ) 

reactions have cross-sections of approximately 260 mb and 80 mb 

respectively (G2). therefore neutron inelastic scattering has the largest 

: ohedeeacavion, 

29 Natural silicon has three stable isotopes 285, Si and M55 

with isotopic abundances of 92.18%, 4.71% and 3.12% respectively. The 

: . ’ ; icuoae 
main source of Yy-rays was therefore inelastic scattering with ~~S i. 

The level structure of the excited levels of 2Bo5 is shown in Figure 5.2 

for the first levels with known spins and parities; the information is 

taken from Endt and Van der Reus. The 1.78 MeV y-ray is 

identifiable with the transition between the first excited state and ground 

state of Bes This y-ray is produced by neutron inelastic scattering 

exciting the first level and in cascade transitions of similarly excited 

higher levels. This is the only reaction mode producing 1.78 MeV prompt 

y -rays. However, the same y-ray can be produced not only promptly by 

a reaction of the type 

A(n,n') A* 4 A 

but also by the reaction 

ACapy ee wou A 

In some cases the (n,p) reaction leads to a B which decays to the ground 

state of A or is long-lived compared with the duration of the run. In 

. the case of the 28 ei (np) al reaction, 28 4 has a half-life of only 

2.3 min and it decays in 100% of its transitions to the 1.78 MeV level of 

28 
Si. Clearly the (n,p) contribution of the silicon sample must be 

considered. 

28 (32) The cross-section for the $i(n,p)°° a1 reaction is 260 mb 

so the scattering sample (in excess of 300 gm) becomes a strong source of 

1.78 MeV y-rays. ‘The activity A(t) at a time t, of the sample owing



oO 

(gq)°T 
7°P 

HEA 
DE 

apME 
Mons 

‘Te v 8 L Sc 
JO 

e
m
y
o
n
z
y
s
 

TeaeT 
s
u
 

*Z°G 
eanstyz 

 
 

  
 
 

Y
O
O
 

6LL°t 

  
 
 

‘ 
YOO 

Lo°v 
  

 
 

S00L 
L6°v 

  
  

 
 

Or 
Gob 

L2°9 
  

 
 

SOOL 
69°9 

    
 
 

%O€ 
YOL 

ele°9 
  

 
     

00L 
18e°9 

 
     

9g 
G 
AGY 

ec 
°L 

 
 

  
FO 

  
L 
0
6
 

Ly°L 

 
 

a 
    

G
o
 

L 
o8°L 

 
 

    
Yt 

YOS 
c6°L 

 
 

    Ws 
We 

92°8 

 
 

ve 
S 

cc's



109. 

; a 
to the formation-.of ~Al is given by 

A(t) = WIpo6(Q - a.) 

where V is the sample volume, N is the number of 285 nuclei per unit 

volume, I, is the incident neutron flux, 0 is the (n,p) reaction 

andinewae ction and A the 28 4 decay time constant. The activity of 

the sample reaches equilibrium, given by VN I, Oo , after approximately 

Q 

7 min because of the short half-life of W., However, the accumulation 

of the Bay 1.78 MeV y ~rays in the pulse height spectrum is restricted 

o 

by the time of flight discrimination system, The 28 ay decays randomly 

and thus only y-rays in random coincident with an q@ -particle pulse are 

recorded in the spectrum, The number of 28 ay 1.78 MeV y “rays recorded 

in the full energy peak C, is given by 

where At is the 25 ns time window of the single channel analyser q(t) 

is the a -detector count rate, e(E,,) is the full energy peak detector 

efficiency, AN is the solid angle subtended by the detector, and T is 

the total running time with the sample in position which was ~ 10h, 

Equation 5.1 was evaluated for the *8si(n,p)-Par reaction assuming that 

the sample was always at the equilibrium activity. It gave a contribution 

in the 1.78 MeV y-ray peak from 28 uy of only 2 counts after a period of 

10 h compared with approximately 700 counts from inelastic scattering, 

Hence the (n,p) contribution could be neglected and the 1.78 MeV y-ray 

in Figure 5.1 was solely attributed to inelastic scattering. 

Estimation of the Full Energy Peak Count 

The usual procedure for estimating the number of counts in a 

full energy peak in a spectrum containing many different energy Y-rays 

is referred to as the graphical stripping technicaue. In this method, 

the full energy peak count of the highest energy yrray present is directly
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determined, as the peak base line is the abscissa, and then a point by 

point subtraction of the spectral shape corresponding to the intensity of 

the y-ray is made from the composite spectrum. When this subtraction 

has been completed, the Y-ray of the next highest energy has its total 

absorption peak resting on the abscissa and its intensity can be estimated 

by the counts in the peak, The spectral shape corresponding to this 

second y-ray is then subtracted from the remaining distribution, and the 

process is continued, For this method monoenergetic Y -ray response 

functions for each of the y ~rays present must be known, However, it was 

impossible to use this procedure with the spectra obtained from the silicon 

sample for two reasons: firstly because only a single y -ray line was 

resolved in a spectrum with poor statistics and secondly because the highest 

energy Y ~rays were not recorded, 

To estimate the full energy pealx counts a method similar to that 

(89) suggested by Covell was used. Coveli's method for estimating the 

intensity of a single y -ray in a complicated spectrum is to measure a 

calibrated fraction of the area of the total absorption peak, In the 

present work the peak count was low so that as large a fraction as possible 

of the full energy peak was used. A line was drawn across the base of the 

photopeak, as shown in Figure 5.3. The events above the line are a fixed 

fraction of the total peak count. 

Counts 

    
  

Figure 5.3
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The correction factor to relate the fractional peak count to 

the true peak count is obtained by observing the y-ray spectra of 

isotopic sources emitting y-rays of the energy of interest. In this 

way the peak correction factor could be measured with an uncertainty of 

less than 1%, In using this method to estimate the full energy peak 

count it is assumed that the peak does not sit on any sharp irregularities 

in. the spectrum, The method has the advantage that the fractional peak 

count is independent of whether the peak of interest sits on a flat 

conti Wiens spectrum or on a smoothly increasing spectrum, 

An 284 source which emits a 1.78 MeV y~ray was used to measure 

the peak correction factor for the estimation of the silicon spectrum peak 

intensity. The Bay spectrum was recorded with the source placed at tne 

the collimater entrance so that the correction factor accounted for any 

distortion to the spectrum owing to the y-rays scattered into the 

detector by the collimator. The spectrui also gave the number of channels 

over which a 1.78 MeV y-ray peak spreads. 

Bice De Differential Gamma-Ray Production Cross-Sections 

The final equation used to evaluate the absolute differential 

Y -ray production cross-sections was: 

ao: 
os p_g(0) 562 
oN P,P, $ Gyn, )e(B,) 8 (B,,0) me 

p 

where p is the Y -ray peak correction factor, defined in section 5.2.2, 

g(@) is the fractional peak counts, @ is the integrated neutron flux 

given by the q -monitor count corrected for the activation background 

detected by the monitor, p is the sample to detector face flight path, 

r is the crystal radius and the remaining terms are as defined previously. 

The measured values of the differential production cross-sections 

of the 1.78 MeV y-ray following the inelastic og Cortote of 14,2 Mev 

neutrons from 28.5 are given in Table 5.1. The experimental errors in
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the results are given for completeness before they are discussed at the 

end of this section. 

  

  

Table 5.1 

28.» ap. ‘ 
Si(n,n'y)~ Si; En = 14.2 MeV; Ey = 1.78 Mev 

do- 
eS cosé y 

dQ 

90° 0.0 i 14,5 nb/eb 

25° 0.2588 32.2 oh ott 

60° 05 36.9 5.5.0 it tt 

45° 0.7071 ho.6 25.5 " 8 

35° 0.8192 Wo. ko NA 

30° 0.8660 32.8 = te it, tt           
In Table §.2. all the 90° differential cross-section measurements 

are compared and brief details of the different experimental methods used 

are given. Although all the results agree within the large quoted errors, 

there are two low values for the differential cross-section, 23.8 mb/st 

and 26.2 mb/st and two high values, 31.5 mb/st and 33.6 mb/st. ‘There is 

no obvious reason for this discrepancy, and it cannot be attributed to 

methods employing time of flight discrimination as a high and low result 

were obtained with systems employing time of flight discrimination, ne 

present result for the 90° differential cross-section, 33.1 - 4.5 mb/st 

is in good agreement with the higher values. One other point apparent 

from the comparison of results in Table 5.2. is the comparatively 

excellent angular resolution of the present method which was achieved 

maintaining a relatively good experimental error, 

The Experimental Error 

The errors in many of the terms of equation 5.2, which was used 

to calculate the absolute differential cross-sections, have been discussed
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Table 5.2 26 
» 

Sei tani y) Si; = 1.78 MeV 
  

  

Angular 

resolution ee 90° 

mb/st MeV degrees 

Comment on method 

  

+ 

O56) - 4S 14.2 a i? Present work 

  

26.2 t 4,46) 14.8 t+
 

18° Nellis et ai, 
Time of flight discrimination 

pulsed beam method. 
Anti-coincidence Nal(T¢ ) 
spectrometer 

  

31.5 1+
 + glasb) 

14.7 20 (5) Thompson and Engesser 
No time of flight 

discrimination small sample 
with a massive shield, 
NaI(T ¢) single crystal. 

  

33,6 6°) 14,1 Martin and Stewart 2? 
Time of flight discrimination 
associated particle method, 
single NaI(T¢ ) crystal. 

    23,8 ¢ 76d) (o) 14 60°-+ 140°       Caldwell et ar, (26) 
Open geometry, no time of flight 
discrimination, large 
scattering sample; Single 
Nal(T ¢) crystal.     

(a) 

(b) 

(c) 

(a) 

Corrected for 2855 (n,p)-oal contribution. 

Converted to isotopic cross-section by dividing by the isotopic 

abundance of 2805. 

Calculated from least squares fit equation. 

Corrected for neutron attenuation and Y-ray absorption in the 

large scattering samples, but not cleer whether corrected for the 

28 
Si(n,p) 28a contribution, which would reduce the value.
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throughout the text. The remaining terms are now considered. 

The largest single source of error was the estimation of the 

full energy Yyruray peak intensity. it C; is the spectrum count in a 

single channel in the region of the full energy y-ray peak, then the 

standard error in C;, given by Css is 

yr 
o, = (C, +8; 

i i 4 

where Ss; is che total background counts subtracted from the i” channel 

with the scattering sample removed. The total spectrum count in the 

region of the full energy peak is then 
n > n m Do 

m5 3 @ <4) 
n 

where the peak extends over n channels. The fraction error in 205 

was typically 3%. However a much larger error arose in estimating 

the fractional peak count, The fractional peak count, g(@), is given 
n n 

by aC - By where BS is the base line counts per channel on which 
oa 

n 
the peak sits. The error in 2Bs » Given by b, was typically 

estimated as 6%. The standard error in peak counts g(@) is then given 

n - 
by (?e = .< *) ve a2 

For the 1.78 MeV y-ray from the silicon sample, the fractional error in 

g(@) was estimated as 12%, 

‘The angle between the scattering sample and the neutron beam 

could be positioned to one degree and this introduced an uncertainty 

in the sample thickness 7 £ 5x, of 1.5%. The solid angle, AN, 

subtended by the detector is given by wr? / os A Owing to the sample 

thickness, p was uncertain by : 15 mm giving an error in AN?) of 2%, 

The number of 2 a5 nuclei per unit volume had an estimated uncertainty 

of 3.5% owing to variations in the homogeneity of the sample. 

The errors in each term of equation 5,1 are summarised in
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Table 5.5. 

Table 5.5. 

Term Estimated fractional error 

Peak Counts, g( @) 12% 

Peak efficiency € (EY) 325% 

Sample thickness pats 1.5% 

Peak correction factor, p 0.7% 

Correctéd integrated flux, F,.F,¢ 1.0% 

Nuclei/unit vol., N 3.5% 

Y -ray absorption, S$ 0.5% 

Solid angle, AN 2.0%       

The error in the differential cross-section was obtained by adding the 

errors in exch term quadratically, to give an estimated experimental error 

in the results for silicon of 13.5%. The fractional error in the present 

results is smaller than the errors in the other results given in Table 5.2. 

This is undoubtedly due to the accuracy with which the integrated neutron 

flux can be estimated using the associated particle time of flight method. 

5.2.4, The Angular Distribution and Integrated Cross-Section of the 

28 

  

Si(n,n'ty ) 85 1.78 MeV yray 

Owing to the limited laboratory space differential cross-section 

measurements could not be made at scattering angles greater than 90°, 

However, whether the interaction mechanism is described by a direct 

interaction or compound nucleus theory; the theories predict that the 

Y-ray angular distributions are symmetrical about the 90° scattering 

ieee tee). 

measurements, in the interaction of 14 MeV to 15 MeV neutrons in the So” 

Furthermore, all Y-ray production angular distribution 

to 180° angular interval, have shown the angular distributions to be 

symmetrical about 90°. It was, therefore, assumed that the measured
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: : : : ° : 
distributions are symmetrical about 90. The experimental work referred 

Tae 162 ee 
to in support of this assumption was for the elements eC Ny O; Mg 

(10) - (3) (14) 
» Benetskii » Martin and Stewart 

(12) 
and Anderson ; Some of the distributions were found 

investigated by Ashe et al. 

Bengontaees 

to be isotropic. 

The angular distribution was obtained by a least squares fit 

of a polynomial expression to the experimental differential cross-section 

measurements. Gamma-ray angular distributions predicted by the theory 

are of the form 

o(@) = A, + A,P,(0) + A,P,(O ) 

where Pi(6 ) and P, ( 6) are the second and fourth order Legendre 

polynomials and Ay? A, and Ay are constants, This equation reduces to 

the form 

o(6)= ay + a, cout 8 + &, peas Sc ee 5.3 

where a? a. and ay, are new constants, 
2 

A least squares fit of equation 5.3 was made to the differential 

production cross-section measurements of the 28 65 (nynty ) 285 1.78 MeV 

y -ray as described in appendix 1. The equation of the angular 

distribution is, 

o° (6) = 31.5 71.6 + (38.4 + 11.7) cos” 67 (48.5213.4)cos‘@ 

The differential cross-section measurements for the 1.78 MeV 

y-ray and the fitted curve are plotted in Figure 5.4, Also plotted in 

(15) | The Figure 5.4 is the angular distribution of Martin and Stewart 

fitted distribution to the present results is in good agreement with 

their curve. The anisotropy in the angular distribution is not very 

marked anda straight line, giving an isotropic distribution, could be 

drawn through the data points within the error bars. However, the 

similarity of the fitted curve with the distribution of Martin and 

Stewart suggests that the angular distribution is anisotropic. The



  

(0) 
mb/st. 

  

    

  

              
Figure 5.4. The angular distribution of the 1.78 MeV gamma-ray 

28 
from “Si. (EB =14. 2 MeV) 

Doe BO pa el Gnutua to Waciin and Gheunet le),
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The equation of the fitted curve was therefore used to calculate the 

integrated cross-section. 

As discussed in section 4.1 the integrated y-ray production 

cross-section is given by 

o(n nty) = tar o(6) siné ae 

so that : 

L 
o(nynty) = taf" (31-5 + 38-4 cos?@ - 8.5 cos*é)sindae 

° 

= 434 mb 

Error in the Interrated Cross-Section 

The integrated cross-section is given by 

WW 

Ce bar | 2 (a, + a, cos* 0 + a, cos*@)sind dé 

0 

where aor a5 and ay, are the coefficients obtained from a least squares 

fit to the measured differential cross-sections. Integrating this 

expression between the limits gives 

a a 
v= fa, + = =) 

3 5 

If @ is the error in a, the cross-section is given by 

  c= ln (ata, + —2 , 2-1) 
2 2 

The error, 00 , in the integrated cross-section is then given by, 

ae 

for = * in (c8, + 2 4 Shy? 
9 25 

The total cross-section measurements for the production of 

1.78 MeV yerays by the ere tn ulhy She reaction are compared in 

Table 5.4. The present result is approximately mid-way between the two 

- reported cross-section measurements and it agrees with the reported 

values within the experimental errors.
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Table 5.4. 

  

  

283. 
o(nynty) 9° Sle Reference 

By,= 1.78 Mev 

4h = 63 mb Present work 

491 = 70 mb aati as Blenartr? 

$95.2 60 mb Benetskii (9         

Sere Snlphur 

Da Je le The Scattering Sample 
  

Sulphur is readily available in powdered form, flowers of 

sulphur, and as its melting point is only 120°C a solid scattering sample 

was cast. The sulphur ai dian in an open aluminium container, The 

molten sulphur on cooling formed a solid surface crust and as the main 

body of the sulphur crystallised cavities were formed throughout the block, 

To overcome this problem the liquid sulphur was stirred until its 

temperature was just above its melting point and then the container was 

lowered into a cold water bath while a stream of hot air from a 1 kW hot 

air blower was played on the surface, The rather rapid cooling 

discouraged the growth of large crystals and the stream of hot air prevented 

a surface crust forming. The sulphur block after cooling was machined to 

a uniform thickness and then an X-ray radiograph was made of the sample 

to inspect it for cavities, Six attempts were required before a large 

enough uniform sample was made, The sanple used was 100 mm by 120 mm 

and it was 27.7 - 0.1 mm thick. The density of the sample was measured 

3 
as 1,980 S 10 kg m~ and this is in good agreement with the published 

value, which is given as 2,000 to 2,100 kg n>, 

The total 14.2 MeV neutron cross-section for sulphur is 

(32) 
1.92 barns and this gives a neutron transmission for the scattering 

sample of 76% with the sample positioned at 45? to the beam, Sulphur
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i 36. 2 
has four stable isotopes, 3 S3 8; S and ~ S and the two most abundant 

32. 
are ~ S and Be with isotopic abundances of 95.0% and 4.22% respectively. 

Detens Gamma-Ray Spectra 
  

The y-ray spectra were recorded for the 1 MeV to 4 MeV pulse 

height region, Spectra were accumulated at five scattering angles: 90°, 

70°, Ger, ho? ana an, Figure 5.5. shows the 90° y -ray spectrum, 

This is typical of the Y-ray spectra except that at the lower scattering 

angles the intensity of ke high energy peak was noticeable larger and 

this is illustrated in Figure 5.6 which shows the Loe y-ray spectrun, 

The running time taken to accumulate each spectrum was ~ 20h. Each 

spectrum shows three peaks clearly resolved above the continuous spectrum 

at ogni eteed of 2.24 MeV, 1.7 MeV and 1.27 MeV. The two lower energy 

peaks coincide with the first and second escape peaks of the 2.24 MeV y-ray 

and the 1.27 MeV peak also coincides with the first escape peak of the 

de? MeV> Y=rey, 

To estimate the full energy peak count of the 2.24 MeV y-ray, 

the method described for the silicon results was used, i.e. a line was 

drawn across the base of the peak and the fractional peak count was 

multiplied by a correction factor. The nearest energy y-ray emitted 

by an isotopic source that could be used to measure the peak correction 

Boy which has a 37 min half-life. The 3861 was factor was 2,16 MeV from 

made by irradiating a sample of potassium metal with 14 MeV neutrons; the 

isotope is produced by the Lina, cl reaction, Unfortunately ty 

has an isotopic abundance of only 6.9% and the isotope could not be 

produced with an intense activity. The irradiated potassium sample gave 

three y-ray lines at 1.29 MeV, 1.59 MeV and 2,16 MeV. The 2.16 MeV 

y -ray was completely resolved from the lower energy yY-rays thus 

enabling the peak correction factor to be measured; it was measured 

as 1.44 + 0,015. 

Before the 1.7 MeV peak intensity was estimated the 2.24 MeV
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Y -ray spectral shape was stripped off. There is no monoenergetic 

isotopic y-ray source emitted a 2.24 MeV y -ray whose spectral shape 

could be used for the stripping procedure, The two nearest energy 

sources are 2B ay and ata emitting y-rays of 1.78 MeV and 2.75 MeV 

respectively. Gamma-ray spectra of the 1,78 MeV and 2.75 MeV lines were 

recorded with the same energy interval per channel of the analyser as used 

in the sulphur Sects experiment, The amplitudes of the 1.78 MeV 

and 2.75 MeV peaks were normalised and plotted on one piece of graph paper 

and a 2.24 MeV spectral shape was drawn midway between these two spectra, 

The estimated 2.24 MeV spectral shape was used to strip the 2.24 MeV liae 

from the sulphur spectrum, The number of counts per channel to be 

stripped off the sulphur spectrum was calculated by normalising the 

intensities of the 2.24 MeV sulphur peak and the peak of the stripping 

spectrun,. Figure 5.7 shows the 90° sulphur spectrum with the 2,24 MeV 

spectrum stripped off. 

The intensity of the 1.7 MeV peak was then estimated by the 

same method, The peak correction factor was 1.3 : 0.015 and it was 

calculated using the 1.78 MeV y-ray of Ban, Before the intensity of 

the 1.27 MeV peak was estimated the 1.7 MeV peak was stripped off and the 

28 ay 1.78 MeV y-ray spectrum was used. Figure 5.8 shows the final 90° 

sulphur spectrum with both the higher energy ‘y-ray peaks stripped off. 

The peak correction factor : for the estimation of the intensity of 

the 1.27 MeV peak was calculated from the 1.274 MeV y -ray spectrum of 

22Na as 1.153 t 0.005. 

5 edeBe0 The 2.24 MeV Gamma-Ray 
  

The 2,24 MeV peak was attributed to the y-ray transition 

Oe 
between the first excited level and ground state of © S. The level 

structure of 225 for the first levels with known spins and parities is 

(88) 
shown in Figure 5.9 taken from Endt and Van der Leun Many of the 

excited levels produce the 2.24 MeV y-ray in cascade transitions to
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Figure 5.7. The 90° sulphur spectrum with the 2.24 MeV gamma~ray 

spectrum stripped off.
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Figure 5.8. The 90° sulphur spectrum with the 2.24 MeV and 1.7 MeV 

gamma-ray spectra stripped off.
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Figure 5.9. The level structure of 
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S, taken from
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the ground state. However, inelastic scattering is not the only 

production mode possible for this energy Y ~-ray. A 2.25 MeV. Y~ray. 

can be promptly emitted in the following reactions: 225 (nay 1p, 

22s(n,npy )°-P and s(n, He y) Sis 

In the formation of Alp in an excited state a 2.23 MeV y-ray 

is emitted in a transition between the second level and ground state and 

30 
in the formation of ~ Si in an excited state the y-ray is emitted in a 

first level to ground state transition. At 14 MeV neutron energy all 

three reactions are energetically possible, but only the SO hes 

(32) 
reaction cross-section has been measured > and it has a value of 

100 mb. 

7? 5(n,p)P reaction 

pe 
as 32 decays by B emission to the ground state of ~“S. 

There is no contribution possible via the 

The 2,24 MeV y -ray peak cannot be assigned to a single 

reaction mode, ful che most probable of the four possible reactions is 

inelastic scattering. 

5.3.3(i) Differential Y-ray Production Cross-Sections 

The differential cross-section results for the production of 

32 
2.24 MeV Y-rays in the interaction of 14.2 MeV neutrons with ~'S 

are given in Table 5.5. 

Table 5.5 

225 (nynt ys; z = 14,2 MeV; By = 2.24 MeV 
  

  

  

6 cosé = 

90° 0.0 19.0 = 2.4 mb/st 

: 70° 0.342 23.0 > 2.9 mb/st 

: 60° ies 26.8 = 2.9 mb/st 

ho? 0.660 31.9 = 2.9 mb/st 

25° 0.906 26.4 = 2.9 mb/st         
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The results of all the known measurements for the 2.24 MeV 

Yy -ray 90° differential production cross-section are compared in 

Table 5.6 in which brief experimental details and the authors' suggested 

(9) production modes are given. The results of Morgan et al. and of 

Caldwell et Pe are not for a single energy Y-ray; the present 

result is mid-way in the range of values of the other three authors' work 

listed in Table 5.6. However, Bocharev and Nefedov's result probably 

contains a contribution from a line at approximately 2.1 MeV owing to 

the poor energy resolution of the organic scintillator used. 

(9) 
Morgan et al. who used an anti-coincidence spectrometer, 

observed two unresolved peaks at 2.1 MeV and 2.24 MeV. The largest 

peak was at 2,24 MeV. If Morgan's value of 35.4 mb/st is corrected for 

the ~ 2,1 MeV y-ray contribution with the data of Engesser and whaupsoh?? 

the cross-section for the 2.24 MeV peak becomes 29.7 mb/st, which becomes 

31.2 mb/st when corrected to an isotopic cross-section. Mis is 

considerably larger than the present result. Caldwell et ai, (28) give 

the cross-section for y -rays produced in the 2 MeV to 3 MeV energy 

interval and considering that the 2.24 MeV peak only covers a fraction of 

this range the agreement with the present work is reasonable, 

Evidence for the presence of a 2.1 MeV y -ray peak from the 

sulphur sample is just visible in Figure 5.8, which shows the sulphur 

spectrum with the 2,24 MeV peak stripped off. There is a slight rise 

about channel 46 which corresponds to 2.1 MeV, but as no peak was resolved 

no measurement was possible, 

The angular resolution of the present method is again considerably 

better than that of the other groups. This was achieved maintaining an 

experimental accuracy similar to that of Engessor and iioapean er: 

The Experimental Error 

The estimated errors in the terms of equation 5.2 which was 

used to calculate the results for the 2.24 MeV y-ray are summarised in 

Table a 78
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Table 5.7 

Term Error 

Peak efficiency, e(H,) 3.5% 

Sample thickness a, 1.5% 

Solid angle, AN. ‘ 2.0% 

Gamma-ray absorption, S 0.5% 

Nisletvor (density) N 0.5% 

Corrected integrated flux FiF.¢ 1.0% 

Peak correction factor P 1.0% 

Fractional peak counts g(@):- 

~@= 90°, 70° 12 % 

6 = 60°, 25° 10 % 

6 = 40° 8 %         

Most of the errors are as described for silicon, with the following 

exceptions. The density of the sulphur sample was measured with a 

oo 
0.5% error giving a similar error in the number of ~S nuclei per unit 

volume, The single sab es source of error was again due to the poor 

spectrum statistics, however the error in the fractional peak counts 

improved at lower scattering angles and it was estimated as described 

for the silicon case. The experimental errors were added quadratically 

to give values of 12.8% for 90° and 70° scattering angles, 11% at 60° 

aid 25° and 9,2% at 40°. 

5.5.3(ii1) Angular Distribution and Integrated Cross-Section 

The angular distribution of the 2,24 MeV y -ray from sulphur, 

which shows a definite anisotropy, is shown in Figure 5.10, The 

equation of the angular distribution obtained by a least squares fit 

(appendix 1) to the experimental data is, 

i (0) 18.4 to we thee 6.6) coe B =. (h6,2 2 928) doce
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The experimentally measured differential cross-section and the 

fitted angular distribution of Martin and Stewart 29) for the 2,24 MeV 

Y -ray are also shown in Figure 5.10. Theirs is the only other reported 

angular distribution measurement for this Y -ray. 

The integrated production cross-section for the 2,24 MeV y -ray 

calculated from the fitted curve, is 318 ‘ 36 mb and this agrees 

favourably with the integrated cross-section, 332 ~ 50 mb, given by 

Martin and stewart 17), 

7 Although there is good agreement in the two measurements of the 

integrated cross-sections, there is a marked difference in the shape of 

the angular distributions, The anisotropy ratio, 7 (40°)/o0 (90°) in 

the angular distribution of the present work has a value of 1.7 but for 

Martin and Stewart's distribution the ratio has a value of 2.5 

5.3.4. The 1.7 MeV Gamma~Ray 
  

Tre origin of the 1.7 MeV y-ray peak is more uncertain than 

the 2.24 MeV y -ray. On the basis of the nuclear level schemes and 

(88) transition probabilities of End and Van der Leun >» 21.7 MeV y-ray 

cannot be assigned to transitions between the levels of either 326 or 

Bite excited by neutron inelastic scattering. This energy Y -ray was 

therefore due only to neutron reactions with charged particle emission. 

Excluding neutron elastic and inelastic scattering, the (n,p) and (n,q@ ) 

reactions with sulphur have the largest cross-sections, with reported 

values of 255 mb and 110 mb respectively. Gamma-rays of approximately 

1.7 MeV can be attributed to both of these reactions and also to the 

(n,n'q ) and (n,2p) reactions, Although the last two reactions are 

energetically possible at 14 MeV, cross-section measurements have not 

been reported for them. In Table 5.8 the reactions producing y -rays 

of approximately 1.7 MeV are listed with the reaction Q-values.



2d’ 

Table 5.8 

  

  

  

E Reaction Reaction Q Q-value 

* value for the 

MeV MeV 'Y =ray. 
production 

MeV 

1.68 | “s(nip)*“P .1.755(6)-+0.0781 (1) -0.928 2.683 

1.79 | *s(n,o)°9si 3.07(4) + 1.272) “2,528 oe 

1.58 " 3.63(5) > 2.03(2) ~1.528 -5.15 

1.69 | ~“s(n,2p)>4Si 1.693(2)4 0. -9.56 “31,25 

1,78 326 (a, ntq)esi 1.78(1)> 0, -6.95 ~8 73           

The most probable reaction made for the production of Y-rays of 

approximately 1.7 MeV is via the (n,p) and (n,a ) 
‘ reactions with 

5.3.4.(i) Differential Y-ray Production Cross-Sections 
  

324 

The 1.7 MeV y-ray differential production cross-section results 

for the sulphur sample are listed in Table 5.9. 

  

  

Table 5.9 

1.7 MeV differential y-ray production cross-section measurements - 

do- 
0 cos 6 an 

° + 
90 0.0 11.0 - 2.4 mb/st 

20° 0.342 14.3 t 2.9 " " 

60° 0.5 Iash ~ 2.6.0. * 

40° 0.766 10.32.14 4 

25° 0.906 9.2-1,9'           

224 

Oo: ‘ : 
There are three other 90 differential cross-section measurements reported, 

and these are compared in Table 5.10. Engesser and Thompson 
(5) 

measured 

differential cross-sections for three Y-rays at approximately 1.7 MeV.
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They assigned production modes to .two of the Y-rays. If the three 

differential cross-sections for these Yy -rays are summed, a value of 

10.5 mb/st is obtained and this is in good agreement with the result 

of the present work for the approximately 1.7 MeV y-ray peak. The 

differential cross-section measurement of Bocharev and Nefedov ©) is 

in good agreement with the present result. 

(9) 
Morgan et al. » using an anticoincidence spectrometer, 

resolved only a single peak at 1.68 MeV and their result for this Y —-Fay, 

22.1 mb/st, is considerably larger than ell the other reported values. 

This is consistent with the large value reported for their measurement 

of the 2.24 MeV 90° differential y-ray production cross-section for 

sulphur, 

The Experimental Error 
  

The experimental errors in the determination of the ~ 1.7 MeV 

y ~ray differential production cross-sections are as listed in 

Table 5.7 with the exception of the error in the fractional peak counts. 

The error in the total counts per channel in the region of 

the 1.7 MeV peak is given by, 

(c, + S; + Se 

where C5 and S5 are as defined in section 5,22 and Sy5 is the counts 

per channel subtracted in the stripping of the 2,24 MeV spectral shape. 

This clearly increases the error in the fractional peak intensity which 

was estimated as 20%. The errors were added quadratically to give 

an error in the differential cross-section measurements of 20.5% 

5.3.4.(ii) The Angular Distribution and Integrated Cross-Section 
  

The angular distribution of the ~ 1.7 MeV y-ray from sulphur 

is given in Figure 5.11. The distribution was taken to be isotropic 

as there is no apparent (or marked) anisotropy. The mean value of the 

differential cross-section is 11.6 mb/st.



20   

o-(0) 
mb/st. 

          

  

Figure 5.11. The angular distribution of the 1.7 MeV 

3 
gamma-ray from oe (B= 14.2 MeV).
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The standard error in an isotropic differential cross-section, Sa (0), 

is given by : 
2 

60(6) =|3_(To(0)], - 7) 
n 

  

where o (0) is the mean differential cross-section, [o(o)], is 

the i“ experimental data point and n is the number of measurements, 

The mean differential cross-section is 11.6 ~ aR mb/st. 

The integrated cross-section is given by havo (6 ) >» with 

an error of = lurdo(6)- 

The integrated cross-section for the production of ~ 1.7 MeV 

y-vrays for 726 is 145 = 23 mb. 

There are no reported angular distribution and integrated 

cross-section measurements with which to compare these results. 

5.3.5. The 1.27 MeV Gamma-Ray 
  

The 1.27 MeV y-ray peak from sulphur, Figure 5.4 cannot be 

hn 34 
assigned to inelastic scattering reactions with either ~ S or ~ S on 

the basis of the level structure data of Endt and Van der feon 

However, a first excited state to ground state transition in both 

29 ae 
Si and ~"P produces a 1.27 MeV Y -ray. These two isotopes can be 

produced in the following three reactions: 

*?s(n,o ) 984, ~8(n,n'p)-P and -“S(n,d)- oP 
32 eye The (n,Q) and (n,n'p) reactions for ~“S have been measured 

each has a 110 mb cross-section. The 1.c7 MeV y-ray was assigned 

to these reactions, 

5.3.5.(i) Differential Y-ray Production Cross-Sections 
  

The 1.27 MeV y-ray differential production cross-section 

oe 
measurements for ~ § at oa 14.2 MeV are listed in Table 5,11.
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Table 5.11 

> 

1.27 MeV Y-ray differential production cross-sections for F's3m =14.2MeV 

  

  

6 cos 60 a 

60". 0.0 11.2 = 1.7 mb/st 

70° 0.342 19.8 > 2.0. 1 

60° 0.5 Sie 

40° 0.766 9871.5 

25° 0.906 a           

There are three other reported 90° differential cross-section measurements 

for this Y-ray and the results are comparec in Table 5.12. The 

energy of the y-ray and its production mode are not compared as there 

is general agreement on these points, The present result agrees with 

(5) (6) 

(9) 

that of Engesser and Thompson and with that of Bocharev and Nefedov 

within the quoted errors. ~ Consistent with the results of Morgan et al. 

for the other Y-ray lines produced in 15 MeV neutron interactions with 

sulphur, their differential cross-section measurement for the 1.27 MeV 

y -ray is considerably larger than the other reported results. 

The Experimental Errors 

The experimental errors in the measurement of the 1.27 MeV 

y ~ray differential production cross-section are as listed in Table 5.7. 

with the exception of the error in the fractional peak count. The 

spectrum statistics further deteriorated with the stripping of the 

second, 1.7 MeV spectrum, The error in the fractional peak count was 

estimated as 15%. The errors in each term were added quadratically to 

give an estimated error in the differential cross-section measurements 

Or 15.5%
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5.3.5(ii) Angular Distribution and Integrated Cross-Section 

The angular distribution for the production of the 1.27 MeV 

Y~ray in the interaction of 14.2 MeV neutrons with sulphur is plotted 

in Figure’ 5.12. The distribution was assumed isotropic as there is no 

marked anisotropy apparent. The mean value of the angular distribution 

is 10.6 : 1.3 mb/st. This gives an integrated cross-section for the 

1.27 MeV y -ray production cross-section of 133 . i mb. Again there 

is no data with which to compare the angular distribution. 

  

  

  

  

              

Table 5.12 

Comparison of 90° differential cross-section measurements for the 1.27 MeV 

y ~ray produced by 14 MeV neutron interactions with 22 6 

(#). En Ang. Comment on Method 
Res. 

as +“ 0 
11.2 - 1.7 mb/st 14,2 MeV -4 Present work 

9.5 ~ 14 nb/st 14.7 MeV =20° Engesser and ioniamere 
No time of flight discrimination; 

Small sample; Massive shield; 

Single Nal(T¢ ) crystal. 

7.5 ~ 8.6 mb/st 14° Mev ? Bocharev and Ni fedoy 
Pulse shape discrimination; 
Stilbene crystal; 
ring geometry. 

17.6 = mb/st 14.8 Mev | =20° Morgan et ai, ‘9? 
Time of flight discrimination; 
anti-coincidence NaI(T¢ ) 
spectrometer 

5.4. Titanium 

5.4.1. The Scattering Sample 
  

The titanium scattering sample was a slab of natural titanium 

measuring 100 mm by 120 mn, The sample was machined to a thickness 

of 19.8 = 0.05 mm. The density of the sample was measured as 

4,510 = 30 keen”? This is in good agreement with the stated density 

4,540 keen 

Natural titanium has five stable isotopes listed as follows
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Figure 5.12. The angular distribution of the 1.27 MeV 

14.2 MeV). E = 
n 

gamma-ray from 325) (
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4g 48 
with their isotopic abundances: Ons | 7 69%3 Th Ye: Ti, 73 9%03 

Omi, 5.46%; Ori, 5.25%. 

The total 14,2 MeV neutron cross-section for natural titanium 

is 2.26 barns, This gives a neutron transmission (without snterantten) 

for the scattering sample of 70% with the sample positioned at 4s? to 

the neutron beam, so that the multiple scattering correction is valid. 

5.4.2. Gamma-Ray Snectra and Interpretation 
  

Gamma-ray spectra for the 0.7 MeV to 3.0 MeV pulse height region 

were accumilated at six scattering angles: 90°, 75°, 60°, 45°, 30° ana 

ay. Figure 5.15 shows the y-ray spectrum accumulated at a 90° 

scattering angle and this is typical of all six spectra obtained. The 

running time to accumulate each spectrum was 10 h which is much less 

than for the other samples studied. The reduced running time was 

possible because of the large y -ray production cross-sections. 

The titanium Yy-ray spectra each have an intense peak resolved 

at 1.5 MeV. The non-elastic neutron cross-section for titanium is 

1.22 barn and as the (n,p), (n,np) (n,q) and (n,2n) reactions are very 

low, the main reaction is inelastic scattering. In particular, the 

(n,;p), (n,np) and (n,a ) cross-sections for Bn: are only 64 mb, 

12 mb, and 48 mb respectively. The two y-ray lines were therefore 

attributed to neutron inelastic scattering and correspond to two low 

‘ level transitions in “85 | The level structure of the first few levels 

48 
of “Ti is shown in Figure 5.14 and the data is taken from Nuclear Data 

hashes te: A 0.99 MeV y-ray is produced in the first level to ground 

state transition in #85 and a 1.31 MeV Y-ray is produced in a second 

level to first excited level transition in +8 The two y-rays, 

0.99 MeV and 1.31 MeV, were solely assigned to neutron inelastic 

scattering with 18 ns The contribution from the activation of the 

sample via the *8n4(n,p) 8c reaction was negligible because of the low 

reaction cross-section and because #8. has a 1.8 day half-life.
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The fractional peak count method, described in section 5.2.2 

was used to estimate the intensities of the two y-ray peaks. ‘The 

1.31 MeV peak was compared with the 1.27 MeV peak of 22 Na, for which 

the peak correction factor is 1.153 z 02005. As the 0.99 MeV peak 

sits on the Compton edge of the 1.31 MeV peak the higher energy peak 

was stripped off before estimating the intensity of the 0.99 MeV y-ray 

peak. A en Yy ~ray spectrum was used for the stripping procedure. 

The intensity of the 1.27 MeV eeNa y -ray was normalised to the 1.31 MeV 

: peak inteneiey and a channel by channel subtraction of the stripping 

spectrum from the titanium spectrum was made. Figure 5.15 shows the 90° 

titanium Y-ray spectrum with the 1,31 MeV peak stripped off, The 

peak correction factor for the 0.99 MeV y-ray was estimated as 

‘hea ; 0.006 and it was obtained by a linear interpolation between the 

peak correction factors measured for the 0.835 MeV and 1.27 MeV y-rays 

2a 
of Den ané. Na. 

5.4.3. Differential Gamma-Ray Production Cross-Sections 
  

The differential production cross-section results for both the 

0.99 MeV and 1.31 MeV y-rays are listed in Table 5.13. 

Table 5.13 

Boi (nyaty ) on, En = 14,2 Mev 
  

  

  

ingle @ cos@ | o(0@)for R= 0.99 MeV o (6 )for E+ 1.31 MeV 

90° | 0.0 75.4 25.6 mb/st 22,1 = 3.4 mb/st 

75° | 0.259 81.9 + 6.0 mb/st 26.4 = 3.8 mb/st 

60° | 0.5 89.9 + 6.6 mb/st 23.1 = 3.6 mb/st 

45° | 0.707 88.8 * 6.6 mb/st 22.5 ~ 3.5 mb/st 

30° | 0.866 81.0 ~ 6.0 mb/st 21.5 = 3.3 mb/st 

20° | 0.940 70.5 * 5.2 mb/st 19.5 = 3.0 mb/st          
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Figure 5.15. The 90° Titanium spectrum with the 1.31 MeV 

gamma~ray spectrum stripped off.
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(5) 
Engesser and Thompson measured the differential production 

cross-sections of both the 1.31 MeV and 0.99 MeV y-rays at a 90° a 

scattering angle for 14.7 MeV neutrons. They measured the 90° 

differential cross-sections as 70.1 * 6.8 mb/st for the production of 

0.99 MeV y-rays and 23,2 - 2.4 mb/st. for the production of 1.31 MeV 

“rare, The present result for the 1.31 MeV y-ray is in good 

agreement with the value obtained by Engesser and Thompson, The 

results for the 0.99 MeV y-ray agree within the experimental errors. 

The magnitude of the experimental error is approximately the same for 

both sets of results, however the angular resolution of the present 

measurements, = 4? is considerably better than the £ 20° for Engesser 

and Thbipaonte measurements. 

The Experimental Error 

The experimental errors in the determination of the differential 

production cross-sections are listed in Table 5,14 for both the 0.99 MeV 

and 1.51 MeV yr-rays from +8 ns 

Table 5,14 
  

  

      

Term Error 

Peak efficiency e (Hy) . 3.5% 

Sample thickness, (ani tioning) =f %; 0.9% 

Solid angle, AN 2.0% 

Gamma-ray absorption,S 0.5% 

No. of nuclei/unit vol.N 0.6% 

Corrected integrated flux, Fy Fi ¢ 1.0% 

Peak correction factor, p 0.5% 

Fractional peak counts, g( 6) 

for 1.31 MeV y-ray : 15.0% 

for 0.99 MeV y -ray 6.0% 
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Most of the errors are as given previously. However, the intensity 

of the 0.99 MeV Y -ray peak enabled the fractional peak counts to be 

estimated with a relatively smell error, 6%. The error in the 1.31 MeV 

Y -ray peak count was estimated as 15%. Adding the errors Wadetichtiy 

gives overall errors in the 1.31 MeV and 0.99 MeV Y-ray cross-section 

measurements of 15.6% and 7.4% respectively. 

54.4.  Anpular Distributions and Integrated Cross-Sections of the 
  

Bas ay nty ens 0.99 MeV and 1.31 MeV y-rays 
  

The 0.99 MeV Yy ray differential cross-section measurements 

and the curve obtained by a least squares fit are plotted in Figure 5.16. 

The equation of the angular distribution is, 

o(6) = 76e5~1le1 + (72.0%6.8)cos?0@ - (89.07.6)cos*@ 

A definite anisotropy in the angular distribution is clearly resolved. 

The anisotropy ratio o (45°): 0 (90°) has a value of 1.19. 

Using the fitted angular distribution equation, the integrated 

cross-section for the production of 0.99 MeV Y -rays in 14.2 MeV 

neutron inelastic scattering from #84 was calculated as 1,039 . 107 mb. 

The differential cross-section nieasurements for the production 

of the 1.31 MeV y-ray are plotted in Figure 5.17. The distribution 

was considered to be pee there is no definite anisotropy. 

' The mean isotropic differential production cross-section for the 

1551 MeV. YyY ~ray. is 22.5 7 2.1 mb/st. The integrated cross-section for 

the production of the 1.31 MeV y-ray in 14.2 MeV neutron inelastic 

scattering was calculated as 283 = 26 mb. 

There are no other reported angular distribution measurements 

with which to compare these results,
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Figure 5.16. The angular distribution of the 0.99 MeV 

gamma-ray from titanium, (E=1442 MeV).
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Figure 5.17. The angular distribution of the 1.31 MeV 

gamma-ray from titanium, (Z= 14.2 MeV).
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CHAPTER 6 

Theoretical Comparison of Results 
  

6.1 The Optical Model 
  

A neutron reaction can be described by the Schrodinger wave | 

equation if the target (the scattering centre) is represented by a complex 

potential. The steady state wave equation for the neutron wave incident 

on the scattering centre is of the form 

Vee + eee (2" wN(e) = ¥5(r) Bet yw te) 62 

where Bt is the total energy in the centre of mass system, V(r) is the 

nuclear potential of the scattering centre, HW is the reduced neutron mass, 

h is Planck*s constant and V, (x) s.€is a spin-orbit interaction potential 

which may oc may not be included. There is no Coulomb potential term as 

neutrons are uncharged. 

If spin-orbit coupling is neglected, the asymptotic solution of 

the wave equation is of the form 3 

ikr 
  u(r) = eikz + £(9) os 

which represents a plane wave travelling in the positive z-direction, with 

wave number K = : in the centre of mass system incident on the scattering 

centre and an outgoing spherical wave with a scattering amplitude f( 0). 

Asymptotically the incident wave, Wiig» can be expressed as a series of 

spherical waves as follows 

ile ae 
Yinc ~ kr > (2¢+1)4°P ,(cos0) es 

£=0 

i(xe-@) _.-i(kr- <2) 
Di
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where & is the orbital angular momentum quantum number which designates 

the incoming partial wave. The interaction potential may effect the 

outgoing waves in phase or in amplitude and phase, corresponding to 

elastic or non-elestic processes respectively. The solution then has 

the form 

co ete el gtr oe) 
w(r) = os > (2+1)4 P ,(cos0) £ 6.2 

£=0 24 
  

where 1 ¢ is a complex constant representing the affect of the scattering 

centre. Tae solution may be considered as arising from the superposition 

of a scattered wave, Vf on the incident wave,- > Sc? : 3 

t5e% wv =Vonc ote sa 

The loss of particles from the state of incident energy E (with a particle 

velocity v) in the scattered wave corresponds to compound nucleus formecion. 

The cross~section for the formation of the compound nucleus, Ti: 9 (or the 

reaction cross-section,compound elastic scattering not occuring) is 

determined by the ratio of the absorbed current to the incident flux. 

- (Weyl? s Ig ol? an 

Vv 

Thus 

  

where the numerator gives the absorbed current, and the number of 

neutrons crossing unit surface area per unit time in the incident plane 

wave is v. 

Using equation 6.2 this gives 

c, = 2 Calla ae. ae 76,3 
£=0 

The term 1 - eal can be identified as the barrier transnission
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coefficient, T ght). ‘It gives the fraction of neutrons with energy, E, 

and angular momentum, £ , incident on the nucleus that enter the nucleus, 

If spin-orbit coupling is considered the transmission coefficients become 

a function of the neutron intrinsic spin, or total angular momentum j 

where j = 4 - %, for spin % particles, The reaction cross~section is 

then given by 

a 5 { (+2) vt a(B) + ¢ 775 (8) | Bees ela 
tea) . 

where uN (E) and Tj) are the transmission coefficients for particles 

with total spin j = ¢+% and j= ¢- % respectively. 

The transmission coefficients, which are required for compound 

‘nucleus caiculations, can be obtained by solving the wave equation for 

the complex scattering coefficient 1» r if spin-orbit coupling is 

considered by solving £OR th is Two seperate optical model computer 

programmes, due to smith 692) and Wilmore ‘?>?, were used to calculate 

transmission coefficients for the present work. The main difference in 

the two programmes, when used for this purpose, is that Smith's programme 

makes provision for spin-orbit interaction. 

The optical model potential describing the nucleon-nucleus 

interaction, neglecting spin-orbit interaction which is considered below, 

‘comprises a real and an imaginary part as follows 

V(r) = Uf(r) + iWg(r), 

Each part is expressed as the product of a depth, U or YW, and a radial 

form factor, f(r) or g(r). The real potential shape in the ebove 

computer programmes is described by the \Wood-Saxon form, illustrated in 

Figure 6,1(a), and given by, 
oh 

= cit 
f(r) = 1 + exp (aia 

u 

 



a—4,4 — ea 
  

107%, |     

(a). 

90% | —   
  

  

  
Figure 6.1. The nuclear potential form factors. 

(a). Wood-Saxon real potential shape. 

(b). Wood-Saxon derivative imaginary potential shape.
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where Ry is the nuclear radius and a, is the surface diffuseness 

parameter, The imaginary potential shape is described by the Wood-Saxon 

derivative form, illustrated in Figure 6.2(b) and given by 

1 + exp (- x) 
a 

Ww 

where RL is the radius parameter and a,, is proportional to the full wicth of 

4 exp ( i ) 

Oe ee 
R w 

half maximum height of the surface absorption peak. Non~elastic processes 

at neutron energies of 14 MeV and less are considered as being solely due 

to a surface absorption peak; at higher energies a volume absorption form 

factor is also included, The non~central spin-orbit interaction potential, 

when it is included, is given by the real potential 

V(r) see = as) u,(- 2 2 £(r) sed 

where U. is the depth of the potential, f(r) is the Wood-Saxon form factor 

and a is the square of the pion's Cowpton wavelength, 7 Although 

theoretical calculations have indicated the presence of an imaginary 

spin-orbit potential all practical analyses have dispensed with it. 

Optical model calculations can be made with wirtaeunart or 

‘overall! potentials, A particular potential gives parameters which 

best fit the scattering data for a particular sample. An overall 

potential gives an averaged set of parameters suitable for describing 

many nuclei. Overall potentials are found to give good fits to the data 

that are not markedly inferior to those given by appropriate particular 

potentials, In view of the approximations required in the use of the 

compound nucleus theory at 14 MeV neutron energies (section 6.3) there 

was little to be gained by searching the literature for particular model
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26... 5a } . ; 48 
parameters for 14 MeV neutron interactions with at So Ande. ta and 

so an overall potential was used to calculate the transmission coefficients, 

(94) Optical model parameters due to Agee and Rosen which “include 

spin-orbit interaction, were mainly used. They obtained the set by 

systematically varying the parameters to give the best fit to 14 MeV 

neutron scattering data for elements with mass numbers greater than A=20,. 

The overall potential is described by 

U = 49 ~ 0.33E MeV, where E is the incident neutron energy in 

the centre of mass systen, 

W = 5.7 MeV 

: ¥s 
yr. =1.25 fermi, where R =r A, 

u u u 

ie oe " Gees Nie 
ty ra ° 5 9 W er i 

a, = 0.65 re 

a. st On7 " 3 

e = 5.5 Mev. 

These parameters were used with Smith's programme, Transmission 
oi & 

coefficients were also calculated with the parameters of Wilmore and 

(95), 
Hodgson These parameters are the local potential equivalent of. the 

(96) 
~ non=local potential of Perey and Buck who deduced them by an extensive 

analysis of neutron scattering. This set of parameters which does not 

contain a spin-orbit interaction potential was used with Wilmore's 

programme and the potential is given by 

U = 47,01 - 0.2675 - 0.00118E° 

W= 9.52 - 0.053E, 

r= 1.322 - 0.000764 + (4,107) a® - (8.107%) a, 

r, = 1.266 - 0,00037A + (2,10°°) a? - (4.107) 0, 
a = 0,600 

u 

a = 0,48 

Details of the running of the programmes and the transmission coefficients 

obtained are given in Appendix 2,
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Pe The Compound Nucleus Theary 
  

The Hauser-Feshbach, compound nucleus theory is based on three 

assumptions. 

(i) Compound Nucleus Formation. The incident nucleon forms a compound 

nucleus whose life time is long compared with the nucleon period within 

the nucleus. 

Cit) Continuum of Compound Nucleus Levels. The excitation of the 

compound nucleus corresponding to the incident nucleon energy is taken-to 

be so high that levels formed overlap strongly forming a continuum, 

(iii) Independence Hypothesis. The mode of decay of the compound nucleus 

is taken to be independent of its method of formation, but to depend only 

on the quantum parameters of the system-energy, spin, parity etc., and the 

properties of the particular decay channel involved. 

On the basis of these assumptions the cross-section for a reaction 

involving a particular compound nucleus level can he factorised into the 

cross-section for the formation of the level times the probability of the 

level decaying through the required reaction channel. In a reaction of 

the type A(a,b)B, the sum of these product terms for all compound nucleus 

levels gives the reaction cross-section, For spinless particles, the 

reaction cross-section O(a,b) is given by ¢ 

Be) hee 
o (a,b) = =e 2. (2¢,+1) li Meetnecinliseectniae so ¢ © 665 

fo a, (E,) 
€,E, c 

where “ (2€,+1)T, (E,) is the compound nucleus formation cross-section 

for the incident particle with angular momentum te >» energy: E, and 

transmission coefficient e (E,) » (equation 6.3) and 
a 

Re 9 EE 
én, {5 2 

is the probability of the level decaying by emission of particle b and it



is given by the ratio of the transmission coefficient for the emission of 

particle b, with anguler momentum . b and energy By to the sum of the 

transmission coefficients for all modes of decay of the level. 

More generally, the angular distribution of Y-rays produced in 

neutron reactions on the Hauser~Feshbach-Satchler theory is, following 

“ a : ‘ 

gheldon‘@??, given by a Legendre polynomial expansion of even order: 

do- 
ee tee oO Bob RE ee ee e ay = a, Pte s0) 666 

V 

where V has a maximum value of four. The expression is of even order 

Legendre polynomials because the theory requires the Y-ray, or particle, 

distribution to by symmetric about the 90° scattering angle, The 

weighting coefficients of equation 6.6, are energy and momentum dependent 

and the angular distribution can be expanded as follows 

2 a * ity te ers owe ag eae Bl
e | 

O
o
h
 Ht
 

where As, are spin and angular momentum terms and ok are energy 

dependent terms which are given by the transmission coefficients. the 

summation index i is over all possible compound nucleus levels and each 

level corresponds to a different spin sequence, 

The spin and angular momentum sequence in a rection is shown 

diagramatically in Figure 6.2. 

  

  
  

Jo? top 
Tol 5 Iolo 

g : 

ee 33 

g 

Lbz9 L390 5 

  
  

Target nuclevs (a). b) 

  

Figure 6.2
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Jir represents the spin and parity of a-level and the subscripts O and 1 

refer to the target and compound nucleus levels respectively; subscripts © 

2, 3 and 4 refer to levels of the product nucleus, j, and Jo are the total 

angular momenta of the incident and exit particles respectively, Liter 

is the angular momentum of a particle with intrinsic spin s, then the total 

engular momentum of the particle, j, has (2s+1) values for each € value, 

e.g. for a neutron with s = %, then j =¢- Ve. L represents the multipole 

order of the Y-ray emitted in a transition between levels of the final 

nucleus, In mixed multipolarity y ~ray transitions L' = L+1 andé 

is the amplitude multipolarity mixing ratio where O° is the ratio of the 

intensities of L' to L multipolarity YY -rays . 

The coefficients hay in equation 6.7 are products of transition 

parameters; one for each step of the sequence shown in Figure 6.2. ‘The 

transition parameter values are dictated by the nature and angular momentum 

of the particles effecting the transitions as well as the initial and final 

nuclear spins involved. The coefficients, Asa, » Which are given by 

numerical, Clebsch-Gordon and Racah coefficients have been tabulated for 

hand calculations by Sheldon ‘@>) for many spin sequences. In the 

calculation of an angular distribution, the coefficients are calculated by 

a subroutine of the programme MANDY for each possible spin echeace 

involving a different compound nucleus level. 

The possible spin sequences are not unlimited but subject to: 

selection rules, The compound nucleus level spin is given by 

oy > Be Fly 

so for a given j4value there are (23, + 1) values of Jy which satisfy 

the inequality 

Par Ji l<3,<I 545, 

om : 2S ¢ . * cLmur a ’ e 7 > The Jy values are limited by the maximum value of £43 1.€ fy max The
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: ‘ : : a 
The parity of the compound nucleus level is given by 14 = (-1) T 

Parity conservation requires the sum t+ lo to be even if Come 5 and 

odd if Ty Flo . This restricts the values of €, and thus the 
lo 

outgoing particle angular momentum j.. which must satisfy the inequality, 
a 

|g,-I,1< Jo < Jy+I, 

Jo is also restricted by the maximum outgoing particle angular momentum 

“omax® 

The energy or penetrability term Ts of equation 6.7 is given 

  

by 

os (em 4 ORS) 
oe ee ae 

oT (8) 

T, . (E,) is the transmission coefficient of the incident particle 

with total angular momentum j. and energy E.. (B,) is the 
1 aL. aan 2 2 

coefficient for the decay of the compound nucleus in the spin sequence i 

to the particular level Jol 5 ; The summation in the denominator extends 

over all open channels (including elastic scattering) by which the particular 

intermediate state S474 » in the sequence i, can decay, To evaluate the 

terms 4 the transmission coefficients are supplied as input data to 

the programme MANDY. 

"Equation 6.7 integrated over all solid angle gives the production 

cross~section for a particular y-ray as 

  

y (25 ,+1) te fy ) y3, 02 
= 1% it, (25 (+1) (28 ,+1) 2 T ,4(E) 

If the spin of the incident particle is neglected this reduces to equation 6.5
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The shape of particle and Y-<ray angular distributions at neutron 

energies less than 7 MeV, are well predicted by the theory, but the 

magnitudes of the distributions are found to be too high at neutron energies 

near the reaction threshold. The Hauser-Feshbach theory makes the 

assumption that transmission coefficients (and therefore the widths) are 

the same for all the compound nucleus states in the same energy region. 

(21) 
Moldaver modified the theory by considering the compound nucleus 

levels as having a distribution of widths. This "level width fluctuation 

correction" appears as correction factors to the Hauser-Feshbach 

penetrability terms, 7 3 It has the effect of reducing the inelastic 

cross~section magnitudes and improving the fit to experimental data, and it 

increases the compound elastic scattering cross section as the compound 

nucleus formation cross-section is unaltered by the correction. The 

effect of the correction decreases with increasing neutron cherepeer and 

it is not used at higher energies (98) (above 7 MeV). mer erere. altaough 

the programme MANDY has the option of including the correction, it was not 

used a fils calculationsat 14 MeV neutron energies. 

Details of the programme are given in Appendix 3. 

Go. The Use of the Programme MANDY at 14 MeV Neutron Energy 

In measuring the Y-ray production cross-section for a transition 

between a low lying excited nuclear level and the ground state, following 

14 MeV neutron inelastic scattering, the Yy ~rays observed are produced 

by two reaction modes: by the direct excitation of the particular level, 

and by cascade transitions from higher expited levels. In the latter 

case the cascade may involve the emission of two or more cascade y “rays. 

The programme MANDY can at most only deal with a two stage cascade 

reaction, Figure 6.2(b). At 14 MeV incident neutron energy, for all but 

the lightest elements, many levels of the scattering nucleus can be 

excited and it is impossible to consider all of the levels because of the 

lack of data on the spins, parities end branching modes of the higher
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energy levels. 

At the higher incident neutron energies, besides scattering 

reactions, usually several of the following have appreciable 

cross-sections - the (n,p), (n,a ), (n,n'p), (n,d) and (n,2n) reactions. 

Reactions such as the (n,2n) and (n,n'p) in which two light reaction 

products are emitted cannot be accounted for by the programme MANDY. 

The (n,p), (n,@ ) and (n,d) reactions are accounted for as extra exit 

channels by which the compound nucleus can decay and the relevant 

transmissior coefficients are required te evaluete the denominator of 

the penetrability terms, equation 6.7. Again, owing to a lack of data 

on the energy levels, spins and pambies of the final nuclei, it is only 

possible to account for a small fraction of the different energy protons, 

Q -particles and deuterons that may be emitted. 

Ths, only Y-ray production cross-section. may be calculated 

for a single or two stage y-ray cascade transition. BeCongly.” 1t 1s 

impossible to include all of the energetically possible modes of decay of 

the compound nvcleus not only because of the lack of data but also 

because the number of channels involved is too great for the programme 

to handle. 

MANDY was then used to estimate the normalised Y-ray angular 

distributions of the predominantly excited first level in inelastic 

scattering. In these calculations the cascade contributions from as 

many excited levels of the scattering nucleus as there is data for were 

conaldened: The effect on the shape of the angular distribution due to 

neglecting compound nucleus decay channels was also investigated, With 

‘the additional aid of published cross-section for the (n,p), (n,q@) etc., 

reactions, the magnitudes of the Y~ray production cross-sections were 

estimated, 

6.4. Results 

In Figure 6.3 the calculated normalised angular distributions 2 ©
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28 92 a ; : a . G , COns 
are shown for the production of .1.73 MeV -y~-rays in the “Si(n,n'y )” Si 

reection. There are two calculated curves shown, A and B, these are 

compared with the normalised experimental results, curve D, and the 

: f : : <a ke 
normalised angular distribution calculated by Drake’ ~° curve , C. 

Curve B is the two channel approximation in which the compound nucleus is 

considered to decay by inelastic scattering to the 1.78 MeV level of 

Si or by compound elastic scattering, The transmission coefficients for 

both curves were calculated using the optical model parameters of Agee . 

(94) 
and Rose and included spin-orbit coupling. Curve A was calculated 

considering thirteen compound nucleus inelastic scattering channels, 

this is the maximum number of levels for which there is sufficient data 

and includes all excited levels below 8.4 Mev. The energy, spin, parity 

and branching modes of the levels of es are given in Figure 5.2, taken 

from Endt and Van der Leun >, In calculating the contribution of each 

level, the other twelve levels were included as extra exit channels by 

which the compound nucleus can decay. The effect of neglecting charged 

particle emission is considered below. In cases where levels decay by 

mixed multipole transitions, i.e. a mixture of dipole and quadrupole 

radiations, with unknown mixing ratio, the transitions were taken as being 

pure dipole transitions, The calculated differential cross-sections for 

the cascade contributions from each of the excited levels were then 

‘summed in accordance with the branching modes given in Figure 5.2. in. 

the few cases ai a level has a three stage cascade contribution, such 

as the 7.41 MeV level of 28 65 in which 25% of its transitions decay in a 

three stage cascade, the level was considered as decaying only by the 

two stage cascade mode, 

The angular distribution was also calculated considering the 

excitation of fewer levels of 280 The first seven levels of Bes 

which includes all levels below 7 MeV excitation energy, were considered 

and this is approximately half the number considered above. The
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normalised angular distribution was almost identical to curve A shown 

in Figure 6.3. The similarity can be explained because the shapes of 

the contributing distributions from each level were very similar, tending 

to increase smoothly from @ = 90° to .0 = ie with a few exceptions: 

contributions from levels with da ae 0.0 were isotropic and the first 

excited level distribution tended to dip slightly at 0 = on 

The effect of compound nucleus exit channels other than inelastic 

scattering on the shape of the angular distribution was investigated by 

considering proton exit channels. Transmission coefficients for proton 

emission in the 28.5 (nyp)Pad reaction were calculated using Wilmore's 

programme with optical model parameters due to Perry 225. As there is 

little data on the level structure of 28 ay given by Endt and Van der Lewin? 

only five proton energies could be considered. The inclusion of the proton 

exit channels decreased the magnitude of the y-ray production cross~ 

sections, but the shape of the normalisecé angular distributions changed by 

less than 1%, From this it was assumed that the omission of proton and 

alpha particle compound nucleus exit channels made a negligible error to 

the shape of the normalised angular distribution, 

Normalised angular distributions calculated using the neutron 

optical model parameters of Wilmore and Hodgson??? in which spin-orbit 

coupling is neglected were very similar to the above results, 

The calculated angular distributions do not agree well with the 

least squares fitted curve to the experimental data, in particular they 

are less anisotropic. However, the calculated distributions pass 

through the error bars of BORE of the data points. There is good 

agreement between the calculated curve given by prake ‘©? and the fitted 

curve to the experimental results. The agreement is hard to explain as 

Drake also used a translation of the MANDY code with transmission 

coefficients calculated with the optical model parameters of Agee and 

Rosen, However, Drake gives no further details of the calculation such



Wat. 

as whether the curve is a two channel approximation or what assumptions 

(14) 
were made. Martin and Stewart calculated the angular distribution 

of the 1.27 MeV Yy-ray produced in the ahue(anty 0° Me reaction using 

compound nucleus theory. Aig is an even~even nucleus and the incident 

neutron energy was 14 MeV, so the shape of the distribution might well be 

eatoted to be similar to that of the 1.78 MeV y-ray from aa The 

shape of the distribution was in fact similar to curve A of the present 

work as opposed to that given by Drake. 

The normalised y “ray angular distributions for a first excited 

level to ground state transition were calculated for 225 and 1B ns by the 

two channel approximation and by considering as many neutron inelastic 

scatters channels as possible in each case. Agee and Rosen's optical 

model parameters were used to calculate the transmission coefficients. 

It was assumed that compound nucleus exit channels other than inelastic 

scattering have a negligible effect on the shape of the calculated 

distributions, 

In Figure 6.4 the theoretical results for the 2.24 MeV y~ray 

produced in the on nty )?*s reaction are compared with the experimental 

results. The excited level structure and branching modes of 5 

necessary for the calculations are given in Figure 5.9. In. the 

calculation of the distribution labelled B in Figure 6.4 the contributions 

of nine levels of 226 were considered and included all but one level 

52 
below 6.3 MeV excitation energy of ~"S. The distributions were normalised 

46;°:0> 60° because of the anisotropy in the experimentally fitted curve. 

The slightly anisotropic theoretical distributions do not agree with the 

experimental curve which shows a marked anisotropy. 

A comparison of the results for the production of the 0.99 MeV 

: 48 48s Re es ek 
y -ray in the “Ti(n,n'y ) “Ti reaction is made in Figure 6.5. In the 

calculation of distribution B, Figure 6.5, twelve inelastic scattering 

channels were considered and the level structure data is given in
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Figure 5.14. In the many channel approximation the maximum energy level 

or 485 considered was 4.05 MeV above which the level structure tends to 

become continuous. The theoretical distributions have the familiar shape 

and are in poor agreement with the least squares’ fitted curve to the 

experimental results. 

The total neutron reaction cross-section can be calculated by 

equation 6,4 using the optical model transmission coefficients. ii, for 

a particuler scattering nucleus, the (n,a@), (n,p), (n,d), (n,n'p) and. 

(n,2n) etc. cross-sections are subtractec from the calculated reaction 

cross-sections, the result ‘gives the total neutron inelastic scattering 

¢ross-section. This estimation of the neutron inelastic scattering 

cross-section is generally larger than the production cross-section for 

the first excited level to ground state transition Yy -ray. However, 

Figures 5.2, 5.9 and 5.14 which give the level structure of 2B | 5 

and "Bn, show that in these even-even nuclei having a ground state spin 

of +0.0 and a first level spin of +2.0, there is a strong tendency for 

excited levels to decay via the first excited level rather than directly 

to the ground state. Thus the-megnitude of the y-ray production 

cross-section for this particular y~ray would be expected to approach 

the value of the total inelastic neutron scattering o¥oas-section. 

The results of the compound nucleus calculations were used to 

estimate a correction factor by which the total neutron inelastic 

scattering Ecie conti a. can be multiplied to give the production 

cross-section for the first excited state to ground state transition 

Y ray. The correction factor was teken as the ratio of the calculated 

cross-section for the production of the y-ray in question, summing the 

contributions of each level in the many channel approximation, to the 

total inelastic scattering cross-section. 

The results for the three samples considered are given in 

Table 6.1. For the three samples, et 14 MeV, the (n,2n) reaction is
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below its threshold, so only charged particle reaction cross-sections were 

subtracted from the calculated total reaction cross-sections. The charged 

particle reaction cross-sections given are the sums for the (n,p), (n,a@) 

(32) : 
~ the cross-sections and (n,n'p) reactions taken from the Barn book 

were not given for any other reactions. The numerator of the correction 

factor in the case of 28. for example, is the cross-section sum for ali 

inelastic scattering channels producing a 1.78 MeV yrray in the 14 channel 

approximation in accordance with the decay scheme of 28 e5 and the 

denominator is the sum of the calculated inelastic scattering cross-sections 

to all thirteen levels of 285 considered, 

The estimated Y ~ray production cross-sections for 28.5 and rel 

agree with the experimental results within the estimated errors. The 

agreement in the case of Pad rather poor. In section 5.35.3 it was 

noted that a 2.24 MeV y-ray can be produced by reactions other than 

inelastic scattering with 225 though inelastic scattering was the major 

production fone If the experimentally measured 2.24 MeV Yy -ray 

production cross-section could be corrected for these other processes the 

agreement would further deteriorate. The probable reason for the poor 

ae 
agreement in the case of ~ S is that the data on neutron reactions 

(22) emitting charged particles given in the Barn book is rather inadequate, 

for example there is no cross-section measurement for the (n,d) reaction 

with 325, given.



CHAPTER 7 

Conclusions and Recommendations 
  

The work ea demonstrated that the time-of-flight spectrometer 

is well capable of observing the Y-ray spectra produced in the 

interaction of 14.2 MeV nevtrons and that absolute differential production 

cross-sections may be measured with considerable accuracy. It is useful 

here to make a general comperison of the present system with other 

arrangements. 

Cnly the associated particle and pulsed beam time-of-flight 

techniques have been used to make y-ray production angular distribution 

measurements at 14 MeV; however pulse shepe discrimination using a 

stilbene crystal, massive shielding with e small sample and open geometry 

with a large sample have all been used for differential cross-section 

measurements with poor angular resolution at a single scattering angle. 

(5) The massive shielding approach, used by Engesser and Thompson ; is the 

most successful of these methods in terms of the quality of the yuray 

spectra obtained. However the relatively simple methods often require 

large corrections to be made to the spectra to correct for the Y~rays 

produced in the decay of the activated scattering samples. The open 

geometry method has a severe neutron background problem and the results 

obtained by Caldwell et a1. (2° using this method require difficult 

corrections to be made for neutron multiple scattering and y -ray 

absorption. While pulse shape discrimination, used by Bocharev and 

(6) 
Nefedov » largely overcomes the background problem the low Y =ray 

detection efficiency and poor spectral response of the stilbene crystal 

cause large errors in the measurements. The main advantages of the 

associated particle method are a good y-ray signal to background
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ratio due to the. fact that a start signal is only obtained when a neutron 

penetrates the scattering sample, an excellent angular resolution (on 

average a factor of five better than the other methods), and the accuracy 

with which the neutron flux incident on the scattering sample can be 

- determined. The associated particle method is in addition a relatively 

simple and economic way of dispensing with the heavy and complex equipment 

required in a pulsed beam system. The main disadvantage of the associated 

particle method is the low signal count rate. However, the estimated 

experimental errors in the present measurements are as good as, or better 

than quoted for results obtained by the other techniques. 

Certain modifications to the system can improve the signal count 

rate and the y -ray spectra fairly easily. The signal count rate can be 

improved by increasing the intensity of the neutron source. The source 

7 strength was limited in the present case to 10° neutrons _ because cf 

the need to maintain a constant neutron yield. However a higher neutson 

yield with good stability can be obtained if the aperture plate, defining 

the neutron source, is replaced by a plate with a thin vertical hole to 

define a vertical line neutron source. The neutron cone defined by the 

associated alpha-particles would still have the same profile in the 

horizontal plane and to maintain the same yield in the vertical plane 

the height of the alpha-detector scintillator would simply have to be 

reduced. With alOmm neutron line source, a stable neutron yield a 

factor of three up on the present value should easily be obtained without 

increasing the deuteron beam current. This would increase the signal 

count rate by a factor of 3. To prevent the alpha-detector background 

count rate increasing with the higher neutron yield, the 0.5 mm thick 

plastic scintillator can be replaced by a 0.05 mm thick scintillator. 

This would have a 100% alnha-particle detection efficiency but would have 

a lower neutron and y-ray efficiency. The time resolution of the. 

spectrometer may be improved to ~ 7 ns (f.weh.m.) if the fast amplifier
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in the y-ray timing line is replaced by a more sophisticated, high pain, 

wide band amplifier producing a tated sized fast rising output pulse for 

Y -ray energies between 50 KeV to 100 KeV. : This would enable a shorter 

sample to detector flight path to be used, e.ge-~ 0.9 m. As the solid 

angle subtended by the detector at the sample is proportional to the inverse 

square of the flight path length, the Signal count rate would improve by a 

factor of ~ 2.5 for a 0.9 m flight path. The signal to background ratio 

also improves with sharper time resolution. Better Y-ray detector 

energy resolution improves the accuracy with which the y-ray spectra can 

be interpreted and this can be obtained by coupling the scintillation 

crystal directly onto a 127 mm (5 in) photomultiplier tube. This should 

give an energy resolution of 10% at 0.66 MeV yoray energy. Finally a 

wider alpha-particle aosenyer aperture defining an angular resolution 

of =6° would increase the signal count rate without any increase in 

neutron yield thus improving the signal to background ratio. The angular 

resolution would still be superior to the other methods by at least a 

factor of three. 

These modifications should give an overall improvement in signal 

count rate of at least a factor of 5 and at best a factor of 8 to:.1O 

depending on the time resolution obtained. Gamma-ray production 

cross-sections of the order millibarns may then be accurately determined. 

The ae ties of the intense resolved y-ray lines from 

285. 325 and “Bn in 14.2 MeV neutron irradiation is only by inelastic 

Scattering with the exception of 3s for which two lines attributed to 

charged particle emission reactions are resolved. In the case of 325 

the results suggest that there are y-ray lines present in the energy 

interval between the 1.27 MeV and 2.24 MeV peaks other than the 1.7 MeV 

peak. This point should be clarified by further investigation. 

The published y-ray production cross-section data is rather 

sparse; however the available 90° differential production cross-section
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is in reasonable agreement with the present results. The angular 

distributions of the first level to ground state transition Y —rays 

es We ; ; ; : 
fori oa S and “Ti excited by inelastic neutron scattering are all 

anisotropic and show the same general shape; the anisotropy is most 

f 7s, “marked in the case o The shape of the angular distributions for 

the 1.78 MeV and 2.24 MeV y -rays from 285 and 35 respectively, are 

similar to those reported by Martin and Stewart ‘2; however there is 

disagreement on the anisotropy of the 2.24 MeV y-ray, the present result 

being relatively less anisotropic. The results indicate the usefulness 

of the Seer yarticle method for Y-ray spectroscopy and for 

cross-section measurements. 

The y-ray angular distributions calculated by the Hauser- 

Feshbach-Satchler compound nucleus theory have to be normalised for 

comparison with the experimental results because of the large number of 

compound nucleus decay channels, at 14 MeV, which cannot all be 

considered. The theoretical distributions show rather less anisotropy 

than the least squares fitted distributions to the experimental 

measurements; however the theoretical curves do pass through the error 

bars of many of the experimental results. The coefficients of the 

ecos?@ and cos*@ terms of the Pheorets aa distributions are numerically 

smaller than the least squares fit’ coefficients. It appears that the 

averaging effect of the compound nucleus theory over the many reaction 

chatieets tends to smooth out the anisotropy in the distributions. 

This effect may be removed by the direct interaction theory. A 

modified version of a (p,p'y ) direct interaction programme would 

appear to be the most likely way of obtaining such a programme.
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Appendix 1 

Least Squares Fit 

The y-ray angular distribution in the X(a,by )¥ reaction is 

described by an equation of the form 

aes 2 4. 
o(0) = A, + Aycos*6@ + A) cos*é oo et ee er ee 

In fitting a curve to differential cross-section measurements it is 

sokuaed that there is only an experimental error in the values of the 

‘differential cross-section, 7 (0) and not in the values of the scattering 

angle Je 

let y; = 0(@) and x, = cos0, then the coefficients of the polynomi:l 

<can be estimated, using the least squares principle, by minimizing 

2 
5 2 bas | Se Vy - ( 5 a - Ay 4 a 

for the n data points (x,y, ) 

Differentiating this expression partially with respect to A °? Ay and Ans 

equating the partial derivatives to zero and letting a; be the best 

estimate of A; gives 

24 = na, + a Dx,” + a, 2x, 4 

ee: 2 fs 4 pa 6 DY4 Fy = AMX + APks + Qa) DKs ote Vette Ac2 

: 4 
one 24 4 a ox + a x,° + a P*q 

where the summation extends from 1 to n in each case. The coefficients 

By2 Bos and By of the polynomials fitted to the measured y-ray angular 

distributions were calculated using equations Ase. As the number of data 

points for each angular distribution was only six, equations A.2 were 

solved by Cramer's rule with the aid of a desk calculator.
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Estimation of error in fitted curve 

If Agr AB and ay, are the coefficients of the fitted polynomial 

to the measured anguler distribution, then the residuals, dis are given by 

d, = yy - (a, + apxy + a),%9) Oe. ae Nee Neo 

The standard error, @ , in the expression 

Yao (a. "2% * 8d 

is given by 

  

where m is the number of caculated coefficients,a, , and in this case m= 3e 

    

If a, is the standard error in as » then following Topping => . the 

errors Q, are given by 

2 2 - ry 2 &s 5 of, s ot. we 

ho" Bay Bc. Soe nS A 

4 4 4 2xXG  DxXy Bx, Dxy 2x, B34 

where A = Li BXy 2x5 OF Oe Oe eee. @ Ned 

A: 
BxX5 Bx 0 

4 8 BX ip ol DX 

and where the summations, x » in equations A.5 and A.6 are from 1 to n. 

The equation for the angular distribution is then given by 

o(0) = a not Ff (a,*a 5) cos® oO + (a, "a), )cos* "8 
Oo
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APPENDIX 2 

Transmission Coefficients 
  

(92) (93) 
The optical model programmes of Smith and Wilmore 

are in the Atlas Nuclear Physics Programme Library. Consequently 

both programmes were run on the Atlas computer. 

The input data required for the programmes is the lab. 

energy, spin and charge of the incident particle, the mass, charge and 

excited level structure of the target nucieus and the values of the 

optical model parameters. The input data format is described in the 

Library penobte eahaes 

The transmission coefficients obtained with the optical model 

(94) parameters of Agee and Rosen using Smith's programme are reproduced 

in Table A.1 should they be required for further calculations. The 

transmission coefficients are given for the excitation of all levels 

considered of the three elements.
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APPENDIX 3 | 

The Angular Distribution Prorramme "MANDY" 
  

The programme MANDY had to be run on the 5.R.C's Atlas 

Computer. This required a complete translation of the published 

(20) Algol - 64 code The translated Atlas Algol version was thoroughly 

(101) | The 
aekeed under all options using data supplied by Sheldon 

Atlas Soren functioned correctly if the Moldauer correction was 

omitted. The output data was sometimes in error if the correction was 

included, but this did not affect the present calculations as the 

correction was not used. 

In calculating an angular distribution the programme MANDY 

first tabulates all the possible momentum sequences compatible with 

the momentum and parity selection rules. The momentum and energy 

weighting coefficients, a,,, and Ts (see section 6.2) are evaluated 

for each possible spin sequence. The overall sums of these coefficients 

give the Legendre polynomial weighting coefficients, a from which the yp? 

differential cross-sections are derived over the desired range of 

angles. 

The input data and the data order for the Atlas Algol version 

of MANDY follow that for the published wersron or. except that no 

provision has been made for a title card. There are three steering 

options: ol, o2 and 03. Option ol = 1 corresponds to a particle 

distribution; ol = 2 is fora y-ray distribution of either pure or 

mixed multipolarity in a einble tyetbition: and ol = 3 and 4 are for 

Yeray distributions resulting from a two stage cascade of pure and 

mixed multipolarities respectively. Option o2 is used to specify 

whether the Moldauer correction is required and allows the omission of 

the lengthy momentum sequence tabulation. Finally option 03 specifies
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the number of extra exit channels to be considered, the maximum number 

being 40. The bulk of the input data is concerned with the level spins 

and parities of the target nucleus; the spin, mass and energy of the 

incident and: emergent particles and the transmission coefficients. 

Specimen MANDY input data is shown in Table Ae2 for the calculation of the 

y -ray differential cross-section in the Be s(nynty )-esi reaction at 

14.2 MeV (lab.) considering the excitation of the first 1.78 MeV level, 

with two extra inelastic scattering channels. The corresponding output 

data is given in Table A.3: the input data is first reproduced, then the 

Legendre Polynomial weighting coefficients and normalised coefficients 

are given and this is followed by the integrated cross-section, angular 

distribution and normalised angular distribution.



Mandy Input data for 

1636 

Table A.2 

28 mn 28... at ; 
Si(nyn't y)“"Si reaction with 2 extra exit channels. 

  

  

  

  

  

  

  

  

    

Card Input data Comment 

Now (Free field format) 

1 Z Option ol 

2 05540655 Oy:28 Infout particle spins and target mass. 

O interpreted as neutron masSe 

5 40.0, +200, 40.0, 99.9 Spin sequence, Y=ray multipolarity and 

2, tae mixine ratio* ‘ é 
T Jos TS 53 T Ss T)IT)9 Los L59o5 

1,5) = 9. Tor ol =: 3.and 2 49 ),2 9909 

4h, 8, 6.4 fimax’? Comax 22% option o2 

o2 = 1 = omit Moldauer correction and 

momentun tabulation. 

5. 14.2) daly De n, n' energies, E, in lab. energy, 

EO! is just a label. AO for required 

angular interval of results. 

6. 0.6969, 0.7479, 0.7542, | Transmission Coefficients. 

0.8072, 0.6980, 0.1611, | Incident channel 

0.0343, 0.0070, 0.0013 qT oe GO T glmax 

+ + 
7e 0.6969, 0.7018, 0.8033, To eo + ¢ to T pmax 

0.6416, 0.9800, 0.2554, 

0.0403, 0.0074, 0.0013. 

Be 0.6978, 027704, 0.7447, | Emergent channel 

©8336, 0.5455, 061038, | © ics. tot << 
; £omax 

0.0195, 0.0035, 0.0006 

9," 4' 026978; 0.7170, 0.8115, [ o% os. to 2, 
© cemax   0.6186, 0.9294, 0.1525, 

0.0221, 0.0037, 0.0006      
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Table A.2 continued 

  

  

  

  

  

  

      

Card Input data Comment 
Noe 

10. a Ovtion 03 

11.4 0.5, +4.0, 8.78, 8. Spin of particle, parity and spin of level, 

energy label of level or particle, and 

angular momentum cut off. 

ae ae Ey “max 5. 
(Second level of ~ Si) 

12. | 0.6923, 0.8160, 0.7061, | Transmission coefficients, 

048659 0027975 Oc090e, | Too ee tO 2 
. max 

0.0058, 0.0008, 0.0001. 

as aa 
136 0.6923, 0.7485, 0.8064, To Shei 30 T pnax 

0.5612, 0.5861, 0.0514, 

0.0064, 0.0008, 0.0001. 

14. 0.5, +0.0, 8.43, 8 S TJs Es Lay 3 

(third level of 798i) 

15. | 0.6907, 0.8229, 0.6980, | T . . « to Tenax 
0.8656, 0.2489, 0.0336, 

0.0048, 0.0006, 0.0001. 

f- 

16. | 0.6907, 0.7533, 0.8028, | T) . « « to Tenax 

0.5511, 065243, 0.0435, 

0.0052, 0.0007, 0.0001 

  

ae Symbols as defined in 6.2 
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