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SUMMARY 

The measurement of neutron cross-sections for 

46,47 oi (n,p) "4 Tsc, 8ni(n,p)28co ana 298i (not) 2oue 
reactions has been performed relative to the 2385 (n,£) 

eross-section in the neutron energy range of 3.5 MeV to 

5.5 Mev. 

The neutron source was a deuterium gas target,employing 

the D(d,n)3He reaction. The neutron flux measurements were 

made with a low mass parallel-plate ionisation chamber, to 

238y standard. The 

2385 content of the fission foil was determined using an 

alpha particle assaying technique. 

detect the fission fragments from the 

A surface barrier silicon detector was used for the 

on-line detection of charged particles from titanium and 

nickel foils. Initially, an inert gas scintillation detector 

was developed to avoid using a silicon detector, but the 

technique proved unsuccessful owing to the high gamma- 

radiation sensitivity of the scintillator. 

A Monte Carlo program was applied to determine neutron 

beam profile from the gas target and to determine the 

irradiation geometry of sample and fission foil. 

The measured cross-section data show good agreement 

with some previously reported measurements and meet the 

accuracy requirements of recent data requests. 

Neutron Cross-sections. 

Ti(n,p)Se. 

Ni(n,p)Co. 

Si(n,c&) Mg. 

  

  

 



(it) 

ACKNOWLEDGEMENTS 

I am grateful to Professor S.E. Hunt, the Head of 

Department of Physics, for the provision of facilities 

used in this work. 

I am very much indebted to Dr. A. Bore, for his 

continuous guidance and supervision throughout the 

project work. 

I am also grateful to other members of the academic 

staff for many valuable discussions and to the work- 

shop staff for their help to build the experimental 

components. 

My thanks are due to the staff at Birmingham 

Radiation Centre for their co-operation in operating 

the Dynamitron accelerator and computer facilities. 

I am also grateful to the Science Research Council 

and the University of Aston in Birmingham authorities 

for financial support, which enabled me to follow the 

research project. 

Finally, I would like to thank my wife and children 

for their patience and understanding during this work.



(ta) 

CONTENTS 

PAGE 

LIST OF TABLES (vi) to (vii) 

LIST OF FIGURES (viii) to (xi) 

CHAPTER 1 

1.0 Measurement of neutron cross-sections. 1 

At Nuclear data requirements. 2 

Ae The selection of elements for nuclear 

eross-section measurements. 5 

CHAPTER 2 

2.0 The neutron source. 13 

aot Design considerations for a gas target. 16 

Bile The window cooling and gas circulating 

system. 22 

2.2 The neutron energy spectrum from the 

deuterium gas target. 28 

CHAPTER 3 

Biel Techniques for the measurement of 

neutron flux. 37 

Bink Design considerations for a 2Ngas-flow 

fission counter. 44 

Sie. Performance of the 2% gas-flow 

fission counter. 47 

3.3 Corrections to observed fission counts. 53 

CHAPTER 4 

4.0 Charged particle detection from sample 

under neutron irradiation. 57



4.1.1 

Pelee 

W.1.4 

Wee 

4.1.6 

4.2 

4.2.2 

CHAPTER 

5.0 

5.3.1 

Base 

5.3.3 

CHAPTER 

6.0 

(iv) 

Development of a gas scintillation 

detector. 

Scintillation phenomenon. 

Design principles of an inert gas 

scintillation detector. 

The gas scintillation counter: Physical 

Design. 

The gas filling system. 

Detector performance. 

On-line detection of charged particles. 

Measurements with a surface barrier 

semiconductor(silicon) detector. 

Characteristics of the surface barrier 

detector. 

Detection efficiency. 

5 

The measurement of (n,p) and (n,) 

eross-sections. 

Experimental arrangements. 

Estimation of the neutron flux. 

On-line measurement of sample reaction 

rates. 

Titanium and Nickel measurements. 

Peak area analysis. 

Calculation of reaction rates. 

6 

Evaluation of (n,p) and (n,& reaction 

cross-sections. 

61 

62 

ie 

82 

29) 

108 

119 

129 

130 

136 

140 

140 

145 

155 

159 

170 

172 

182



(v) 

6.1 The measured cross-sections. 185 

pO Uncertainties. 198 

 



(vi) 

LIST OF TABLES. 

  TABLE PAGE 

Ta 9 

ee 10 

1.3 1 

2m 22 

2.2 35 

23 36 

3h 43 

uid 63 

4.2 66 

4.3 74 

yy 80 

4.5 106 

4.6 107 

4.7 121 

4.8 124 

4.9 131 

4.10 135 

BA 145 

5.2 147 

5.3 148 

5.4 149 

5.5 151 

5.6 153



  

   (via) . tt a oe a 

LIST OF TABLES ( contd. ) ; pe fale 

  

‘TABLE PAGE 

5.7 154 

  
   



(viii) 

LUST. OF FIGURES. 

FIGURE PAGE 
eel 14 

eae Ne 

253) 21 

2.4 es 

2e5 25 

2.6 eo 

2at Ca) 31 

2.7 (b) 32 

2.8 (a) 33 

2.8 (b) 34 

300 46 

Sie 48 

3.3 4g 

3.4 51 

3.5 52 

3.6 54 

4d 70 

4.2 : 76 

4.3 UT 

4.4 83 

4.5 83 

4.6 84 

4



(ix) 

LIST OF FIGURES. ( contd. ) 

FIGURE PAGE 
4.8 (a) 86 

4.8 (b) 87 

4.9 90 

4.10 O11 

Mat 92 

Aot2 93 

413 94 

414 : 96 

4.15 100 

4.16 101 

4.17 102 

4.18 104 

4.19 105 

4.20 109 

4.21 110 

4.22 111 

4.23 113 

4.24 115 

4.25 116 

4.26 ‘pier 

4.27 118 

4.28 120 

4.29 les



(x) 

LIST OF FIGURES.( contd. ) 

FIGURE PAGE 

4.30 125 

4.31 127 

4,32 128 

4.33 130 

434 133 

4.35 134 

4.36 138 

54 Ca) 1H4 

5.1 16h) 142 

5.2 144 

5.3. 157 

5.4 158 

5.5 164 

5.6 165 

5.7 166 

5.8 167 

51.9 168 

5.10 169 

Sa) 173 

Si. 12 174 

Bais 175 

5.14 176 

5). 15 180



  

xt) oh 

‘LIST OF FIGURES. ( contd. ) 

FIGURE PAGE 

6.1 190 

  
 



  

  

CHAPTER 1 

MEASUREMENT OF NEUTRON 

CROSS-—SECTIONS 

   



CHAPTER 1 

1.0 Measurement of Neutron Cross-sections. 
  

The neutron interactions with nuclear reactor 

materials used as fuel, for cladding and biological 

shields and in dosimetry, need to be investigated to 

provide accurate data for the design, operation and 

safety programmes of these reactors. 

Several (n,p) reactions play important roles in, 

(4) for example, neutron dosimetry. Also, the (n,p) 

process contributes significantly to radiation damage 

in materials. The (n,p) and (n,«) reactions in structural 

materials such as steel produce hydrogen and helium, 

which may affect the strength of the material. Data on 

(n,p) and (n,«) cross-sections are needed for the 

understanding of neutron damage problems. 

The need for (n,p) and (n,&) cross-section data in 

nuclear applications is evident from recent nuclear data 

request fisess* 2) Groups such as the national nuclear 

data committees, serving all member states of the 

International Atomic Energy Agency ( I.A.E.A.), produce 

request lists which serve as a guide to the experimentalist, 

evaluator and administrator when planning nuclear data 

measurements and evaluation programmes. The compilation 

of nuclear data requests is published every two years 

by the nuclear data section of the I.A.E.A. in a document



called the World Request List for Nuclear Data (WRENDA). 

In the current edition of WRENDA, there are 1667 requests 

for data related to the fission reactor technology, 

including nuclear materials safeguards, and 501 requests 

for nuclear fusion programmes. Each request details the 

accuracy and priority of the data assignments. The highest 

priority is given to requests for nuclear data for reactors 

to be built in the near future. The priority 2 requests 

are for nuclear data which will be required during the 

next few years in the applied nuclear energy programmes, 

e.g. the design of a reactor or fuel processing plant; 

data for construction materials such as neutron moderators, 

absorbers and radiation shields; space applications and 

biological studies. The priority 3 goes to requests for 

nuclear data of more general interest to form a body of 

information needed for nuclear technology. 

Woot Nuclear Data Requirements. 

Calculations of the neutron physics behaviour 

of a reactor require accurate data which must be 

supplied by nuclear physics measurements supplemented 

by integral measurements on mock-up zero power reactors. 

The accuracy required increases as the reactor progresses 

from the design-concept stage through detailed design 

to construction and operation. The precise independent 

definition of the required accuracy for all cross-sections



cannot be obtained but that the published data request 

list ( e.g. WRENDA ) forms a good working guide for the 

experimentalist. 

There are three fairly distinct requirements. 

Firstly, the designer needs to be able to calculate and 

optimise the behaviour of his projected design and, later, 

needs sufficient information to complete the detailed 

design of the reactor. Secondly, since he will be 

concerned in ensuring that his design is a safe one, 

he will also need physics information pertinent to those 

accident conditions which form that part of a safety 

programme. Thirdly, when the construction is complete, 

a detailed understanding is required to operate the 

reactor as efficiently as possible. The more detailed 

and accurate the data, the greater the safety margins, 

thus enabling the reactor to be run at higher powers, 

to higher burn-ups and with greater reliability. The 

accuracy with which the data are needed to satisfy these 

requirements tends to become steadily more exacting as 

the design proceeds from a conceptual study through 

engineering design and development to reactor operation. 

For neutron shielding and dosimetry, data is 

required for a variety of materials. The most frequent shiel- 

ding materials involve light elements such as: hydrogen, 

carbon, nitrogen, oxygen through to silicon and calcium 

and the structural elements such as nickel, titanium and



iron. When hydrogen is present in a shield in significant 

proportions, the most important cross-sections are the 

total and the elastic but in heavy element shields, the 

details of the inelastic scattering become highly 

significant. 

The measurement of the neutron flux spectrum at 

specific positions in an assembly is of great importance 

as it is applied to correlate the material properties 

such as radiation damage, to the radiation environment. 

Fluence measurements (time-integrated flux over long 

periods) are also needed to study radiation damage to 

materials and reactor parameters such as the speed of 

control, reactivity and fuel utilisation. In material 

damage studies, the variations introduced by different 

reactor spectra contribute to the spread in experimental 

data and for this accurate spectra are required. 

A number of methods exist for the measurement of 

neutron flux. Thermal and epithermal neutrons are 

detected through (n,%) reactions. Fissionable materials 

such as 235y and cod 

2385 woe 

Pu are used to detect thermal neutrons 

and Th are employed to measure fast neutron 

fluxes, through the detection of fission products produced 

by neutron bombardment. Neutron monitoring is undertaken 

with (n,p) and (n,&) reactions through the detection 

of charged particles produced in these reactions. For 

fast flux measurements over long irradiations, the



reaction products must have long half-lives e.g. 

46 58 i (n,p)>°Co; 71.3 days; Ti(n,p) "se, 3.43 days; 

Stpe(n,p)2 Mn, 314 days; and ®3cu(n,or) Co, 5.26 years. 

Tae The Selection of Elements for Nuclear Cross-section 

Measurements. 

A study of cross-section measurement requests in 

WRENDA, led to the selection of Ti(n,p)Se and 

Ni(n,p)Co reactions for measurement in the neutron 

energy range 3 to 6 MeV. 

The cross-section data requests for Ti(n,p)Se 

require accuracies between 5% to 10%, with standing 

priorities 1 and 2 for neutron dosimetry applications. 

46 
The Ti(n,p) se and "Tt (n,p)" "se reactions 

are particularly suitable as fluence monitors in 

radiation damage studies because of simple modes of 

decay of the 4€c, and M186 nuclei and their long half- 

lives, 84 days and 3.4 days respectively. Hoge eeeal. 3) 

suggested that the MOTTON py Se reaction may provide 

538i (n,p)>8co reaction a promising substitute to the 

due to its low burn-up cross-section to thermal neutrons 

(0.25 barns) and the ease of measurements of the burn-up 

of Oe in comparison to 58, o. Unfortunately, the use of 

this reaction has been limited by the lack of accurately 

known cross-section data.



Previous measurements of these reactions have 

mostly employed activation techniques. An initial aim 

of the present work was to develop an alternative 

technique 

In this work, (n,p) and (n,) reactions were 

monitored through on-line measurement of the emitted 

charged particles. The on-line method has been demons- 

trated by Konijn and Canberra ene is particularly 

suited to measurements where the reaction product is 

either stable or exhibits a very long or very short 

half-life. In the activation technique, the reaction 

rate is determined by detecting gamma rays from the decay 

modes of the reaction products. The decay modes of the 

nuclides with different half-lives emit gamma rays of 

different energies, which may overlap. The activity of 

these nuclides can be measured but, for a long-life 

nuclide, the activity is low and it requires a longer 

measurement time to obtain good counting statistics. 

The cross-section measurements for Ti(n,p)Se 

NOs and "Tog isotopes only. reactions were made for 

The reaction threshold for 5° i (n,p)?°se is above the 

maximum neutron energy available for this work. 

Torin) ose reaction has a threshold, but no proton 

peak was observed and no data has been published for this 

reaction in the energy range below 6 MeV. For the 

4B. y's 
(n,p Se reaction, the cross-section is known to be



CBr 6) low and the low proton energy makes the reaction 

difficult to detect. 

Only a limited number of measurements have been 

reported for 404 (n,p)1®se and tint Gap) se reactions. 

A review of these measurements is given in Tables 1.1 

and 1.2, but with the exception of the work performed 

6) by Ja1ir‘ and Smith et. ain Sop the measurements 

do not meet the“below 10% accuracy requirements quoted 

in WRENDA. Further to this, there has been little 

agreement between the measurements. The measurements by 

Jalil and Smith et. al. are the most accurate and 

comprehensive to date. 

One of the important factors, to be taken into 

account when comparing measured cross-sections, is the 

accuracy of the standard to which these measurements 

are normalised. The U(n,f) cross-section has become a 

commonly-used standard. Luckie and Carro1l's! ip 

measurements were made relative to different standards 

at a given energy and the results show a marked fluctuation. 

The data of Ghorai et. a. (8 - measured relative to 

the 27a (n,p)? Me cross-section values of Grundi' 9 ue 

Shows considerable difference to the data of Smith et. al. 

even though the corresponding data for 27.1 (n,p)? "Me 

by Smith et. al. agreed with that of Grundl.Other standards 

used, have been 27 ar (no)? Na") and 31p(n,p)3 434619 

reactions and their cross-section data is less accurate.



There is an increasing demand for accurately known 

cross-section data for fast reactor design and other 

applications to fast neutron dosimetry. The data request 

Byala yp) °Co; requires accuracies between in WRENDA, for 

2 to 10% mostly with priority 1. There is a great deal 

of data presently available and Table 1.3 shows several 

recent evaluations. There are sizeable discrepancies 

between measurements. The careful and extensive measurements 

by Smith et.al. rule out the structure evident in earlier 

measurements by Konijn and Lauber. However, only Konijn 

and Lauber have produced data through a non-activation 

technique. 

The on-line measurement of the emitted charged 

particles was made through the use of a surface barrier 

silicon detector. Initially, an inert gas scintillation 

detector was developed to monitor (n,p) and (n,«) 

reactions. This proved unsuccessful. Full details of 

these experimental techniques are given in Chapter 4, 

A gas-flow fission counter was employed for neutron 

flux measurements, in which the fission fragments from 

238y deposit were detected. This technique is described 

in Chapter 3. 

The details of the deuterium gas target, as a 

neutron source, are given in Chapter 2.
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CHAPTER 2. 

20 THE NEUTRON SOURCE. 

For this work, monoenergetic neutrons were 

required over the energy range from a few MeV, upwards, 

with a neutron energy spread of 150 keV or less and a 

: neutrons em“ s~'. The choice flux of at least 10 

of neutron source was limited by the available particle 

accelerator beam, i.e.3 MeV deuterons, to the D(d,n) He 

reaction. The practical energy range for the bombarding 

deuterons in the Dynamitron accelerator, Birmingham 

Radiation Centre, was 0.60 MeV to 3.0 MeV, producing 

neutrons in the energy range 3.5 to 6.3 MeV.Where 

required, lower energies can be obtained through the 

acceleration of doubly charged ions e.g. as* instead 

ofl’. 

The D(d,n)2He reaction cross-section is large for 

the production of primary monoenergetic neutrons in the 

range 3.5 to 6.0 MeV ( Fig. 2.1 ) which enables the 

required neutron flux level to be achieved. 

For bombarding particles of energy greater than 

0.5 MeV it is feasible to use gas targets consisting of 

a small cell filled with the ‘target gas in which the beam 

enters through a thin window. Further, for this work, the gas target 

meets the general requirements of an ideal target:
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small neutron energy spread with angle of emission and 

minimum interference from competing neutron producing 

reactions. The gas target also allows greater 

flexibility as regards the gas pressure, which can be 

varied to allow changing in stopping power of the gas 

with deuteron energy,and the window thickness can be 

varied to suit the incident deuteron energy. 

Other forms of deuterium targets are available 

and the most commonly used is the deuterated metal 

target.Deuterium, in the ratio of approximately 1:1 

to titanium is absorbed in the metal. A layer of 

titanium or zirconium of thickness between 10 pgm em7 “and 

10 mg em” is applied to a thicker plate of backing 

material, usually copper,which serves as a strong 

thermally conducting support. The thin layers are 

Vee) The obtained through vacuum evaporation 

impregnation of titanium with deuterium gas is carried 

out by heating the metal to very high temperature in 

the atmosphere of deuterium gas. When allowed to cool 

the metal absorbs the gas. Initially, good outgassing 

of the metal and vacuum of the order of 1078 mmHg are 

obtained, in order to overcome contamination 

difficulties. 

The deuterated metal targets, due to their high 

thermal conductivities, permit the use of higher beam 

currents than in gas targets but have poorer energy
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resolution. Gas targets can provide neutron fluxes of 

8-10 times those from deuterated metal targets at the 

same energy resolution. This is due to the fact that 

metal targets cause higher degradation in the energy 

of the bombarding particles than in the case of a gas 

target. 

2.4 Design Considerations for a Gas _ Target. 

A deuterium gas target was employed ( constructed 

by Jali 6 yy, and being available in the department. 

This target was designed to withstand up to three times 

the maximum beam power densities achieved in the 

conventional gas targets. 

A schematic diagram of the gas target is given 

in Fig. 2.2, The nickel window, 34m thick, was 

soft soldered onto a copper washer of external diameter 

1 cm and internal diameter 0.6 em. The gas cell walls 

are of stainless steel thickness 0.25 mm and the end face 

of the cell is made of 0.1 mm thick molybdenum to 

provide an adequate beam stop. 

There were a number of reasons for the choice 

of the window and gas cell materials. A thin metal window 

allows the beam to pass into the target gas with minimum 

energy loss and at the same time retains the gas at a 

pressure against vacuum in the beam line of the
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accelerator. The thin window puts a limitation on the 

use of gas targets as it can easily be punctured by 

the high temperature resulting from high beam current 

densities. High beam densities are required to obtain 

better neutron fluxes and consequently cooling of the 

target windows becomes a necessity. 

Some of the more important properties of a good 

window material are: 

(a) Availability in various thicknesses, uniform 

and hole free. 

(b) Low stopping cross-section for minimum beam 

energy loss. 

(¢) Good mechanical strength to withstand gas 

pressure over a reasonably large aperture. 

(d) High thermal conductivity and melting point 

to withstand high beam currents. 

(e) Low multiple coulomb scattering to minimise 

angular divergence of the beam. 

(f) Small contribution of background neutrons. 

The most commonly used window materials are 

aluminium, nickel, molybdenum and tantalum all of which 

may be obtained in fairly uniform sheets free from pin 

holes. Aluminium has low mechanical strength and a 

large neutron production cross-section. The stopping 

power of tantalum is high; it is not available in thin, 

pin-hole free foils, which restricts its use as a
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window material. Molybdenum has high mechanical 

strength, even at higher temperature, and it has high 

thermal conductivity, but it is available only as 

relatively thick foil. Nickel was considered to be the 

most acceptable material for the gas cell window. 

The stainless steel, used for the gas cell walls 

had the necessary requirements for design purposes. 

The material has low (d,n) reaction cross-section and 

a minimum wall thickness can easily be obtained, thus 

reducing scattering. The end face of the gas cell is 

of molybdenum which acts as the beam stop. This 

material has high thermal conductivity and high 

threshold for neutron production. 

The limit on the length of gas cell (30 mm) was 

set by the divergence of the beam through multiple 

coulomb scattering by the nickel window. Sawyer 2! ) 

has calculated the mean square scattering angles for 

some materials using Fermi's Formate 22 ), 

60> = 2M2® etn in (8 an/ 8? B32). (20) Pye ay E 

where, z and Z are atomic numbers of bombarding and the 

target nuclei; e is the electronic charge, N is the 

number of nuclei om7@ in the window, E is the bombarding 

particle energy in eV and ay is the radius of the 

hydrogen atom,
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When applied to a nickel window 3am thiek 

the value of the root mean square scattering angle, as 

calculated from the above formula , is approximately 

25>, giving a 1.3 mm deviation of the beam at the beam— 

stop face of the 30 mm long target. 

The maximum gas pressure which the nickel window 

ean withstand was determined from the yield strength 

data supplied by Goodfellow Metals Co. For nickel the 

yield strength is 59 MPa. A foil with radius 0.3 em 

and thickness 3 microns will withstand a maximum gas 

pressure of 1.2 atmospheres, as calculated from the 

relation: 

eee = 2 . eet erecete a oraiatets C2725) 

where, Y is the yield strength, t the foil thickness 

and R, the foil radius. In this work, a gas pressure 

of one atmosphere was used for all the measurements. 

Fig. 2.3 shows the gas target assembly. 

The energy loss in the nickel window can be 

estimated from the relation given by Whaling ©23) 

( adapted to deutrons ): 

loss 
: [ o-sacee {3ncea22) + of 10719 tp 02.3) 

where, Z = atomic number of the window material,of 

thickness T, in nuclei em7? 

a = an adjustable parameter varying with Z.



er 

  
Fig. 2.3 The Gas Target Assembly.



ee 

EG = the deuteron energy in MeV. 

Whaling quoted a of the order of 5.1 for Z less 

than 45 and therefore, for the nickel window described 

above, thedeuteron energy loss is given by: 

Daeeeas [ o3-mveg } 2684/56) 95.14 0.02739 Bison P) 

The energy loss values for deutrons traversing the 

nickel window, perpendicular to the beam, are given 

in table 2.1. 

  

E, (MeV) O25 1.50 125 250 205 3.0 d 
  

Floss(MeV)| 0.281 0.395 0.363 0.325 0.295 0.266       
  

Table 2.1 Deutron energy loss through nickel window. 

2.1.1 The Window Cooling and Gas Circulation System. 

Higher beam currents are achieved by circulating 

the cooled deuterium gas past the window at high speeds. 

In the present design, liquid nitrogen was used to 

pre-cool the gas. Fig. 2.4 shows the schematic diagram 

of the cooling and gas filling system. 

The gas circulating pump consisted of a rubber 

diaphragm oscillating at 11,200 revolutions per minute
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driven by a 190 watt, 2800 revolutions per minute motor. 

The rotational motion of a pulley is converted into 

vertical oscillations of the diaphragm through a cam 

shaft pivoted 0.1 om off-centre from the rotational axis 

of the drive shaft. Fig. 2.5 shows the sectional view 

of the circulating pump. 

The effective pumping speed of the system, 1.12 

litres per second, is less than that available from 

the pump due to the conductance of the pipe-work. The 

conductance ( C ) for round and Srl bore pipes can 

be determined as: 

Conductance per _ Flow rate ( Q ) in litres 

unit pressure(torr) per second. 

The flow rate depends on internal diameter ( D ) and 

length ( L ) of the pipe and for air it is given ge ee)n 

4 Q(air) = (250 D’/ L) litres per second .....(2.5) 

where D and L are in centimetres. 

For deuterium, a correction factor of 2.07 is applied, 

giving: 

Q(deu.) = (2.07 x 250 byt) litres per second. 

Therefore the conductance ( C ) of a pipe of D = 0.2 em 

and L = 300 em, for deuterium at a pressure of one 

atmosphere (760 torr), is calculated from; 

¢ = (2.07 x 250 p/L) x 760 litres per second
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The effective pumping speed ( S ) is determined 
err. 

from the relation’ '99), 

Spe, = (c.s)) yi (C48) Mle lgis torn erotloneiers CAT) 

where C is the conductance of the pipe,which is equal 

to 2.1 litres per second as calculated from equation 2G 

and Se is the pump speed taken to be 2.37 litres per 

second. 

The heat removal from the vertical surface of the 

window is increased through forced convection. Ennis and 

Walton’ (9) calculated that for a 3mm thick nickel 

window, the heat dissipation at near maximum beam current 

is 85% by conduction through the foil to the mounting 

case, 10% by conduction to the gas and the remaining 

5% by radiation. It was estimated following from 

Venemutp o2 » that with an effective pumping speed of 

1.12 litres per second, the heat removal from the front 

surface of the window increased by a factor of about 16. 

Pre-cooling of the gas target increased the heat removal 

still further. 

The performance of the pre-cooled gas circulating 

system was checked through destruction of a few window 

foils, with and without gas cooling. Beam currents were 

increased in steps of 0. 1A and at each current level, 

the performance of the accelerator vacuum was observed 

for periods lasting about 10 minutes. Without the gas 

cooling system, one foil failed at 1.1MA of beam, which
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was indicated by a gradual increase in the beam line 

pressure. With the cooling system on, a beam current of 

2.6MA on the target was reached. These tests were carried 

out with 2,8pa deuteron beam. 

A single tantalum collimator ( 3mm aperture diameter 

placed before the gas cell, restricts the beam current 

incident on the window to 13MA ( equivalent of 40 watts ). 

Two tantalum dises were employed with apertures of 5mm 

and 3mm, which reduced beam current stopped at any one 

collimator, so avoiding overheating of the collimator 

system. A careful procedure was adopted in operating the 

system in order to avoid accidental damage to the window. 

The whole system and the part of the acceleraton beam 

line were first evacuated to approximately 1073 mbar. 

The filling system was then isolated by closing valve C 

( Fig. 2.4), allowing deuterium gas into the system 

Slowly through fine control valves D and H. The beam line 

was further evacuated to the level of Operation of the 

accelerator. When the beam line vacuum pressure was 

low enough to operate the ion pump, the valve A was 

closed in order to isolate the beam line from the 

diffusion pump. This was necessary to avoid the 

introduction of carbon contamination from the vacuum 

system, onto the target window during beam bombardment. 

The liquid nitrogen trap further minimised the 

introduction of hydrocarbons. 

,
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Bae The Neutron Energy Spectrum from the Deuterium 

Gas Target. 

Fig. 2.6 illustrates the geometric configuration 

of gas target with fission detector and semiconductor 

detector used in the later measurements. The spatial 

and energy distribution of neutrons from the deuterium 

gas cell is dependent upon several factors: 

(1) Deuteron energy loss in the nickel window. 

(2) Deuteron energy loss and broadening in the gas. 

(3) Neutron energy and intensity variation with 

the angle of emission. 

The neutron profile for the gas target used in this 

work has been reconstructed through a Monte Carlo 

method (Gy) » for an extended line source. The Monte 

Carlo program 'NPROFILE' is described in detail in 

Appendix 2 and , hence, only a brief discussion is 

given here. 

The program determines the position at which a 

neutron is created in the target. The neutron emission 

at a given angle is weighted by using the differential 

cross-section data of Liskien et.al. S e From the 

position co-ordinates of the point of creation of a 

neutron, the polar co-ordinates of its emission and 

the distance between the neutron source and the sample, 

the program determines whether or where the neutron is
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Fig. 2.6 GEOMETRIC CONFIGURATION OF GAS TARGET 

WITH (a) FISSION DETECTOR (b) SOLID 

STATE DETECTOR. 
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incident on the sample. An energy profile at the 

sample is obtained following a large number of 

neutron histories. 

Neutron spectra were obtained for the geometric 

configurations depticted in Fig. 2.6, at deuteron beam 

energies of 1.0 MeV to 2.4 MeV in steps of 200 keV. These 

are shown in Figs. 2.7 and 2.8. The mean neutron energy 

and FWHM resolution for each spectrum, Tables 2.2 and 2.3, 

were obtained from computer programs ( PEAKFIT, Appendix 1 

and NPROFILE, Appendix 2 ).
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DEUTERON MEAN NEUTRON | FWHM 
ENERGY. ENERGY. RESOLUTION. 
(MeV) (MeV) (Mev) 

Te Boo! 0.16 

te 3.81 0.15 

at 4.08 0.15 

1.6 4.35 0.14 

1.8 4.59 0.13 

220 4,84 O212 

2? 5.07 O.12 

2.4 5.30 On42           
Table 2.2 NEUTRON ENERGY AT THE FISSION COUNTER. 
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DEUTERON MEAN NEUTRON| FWHM 
ENERGY. ENERGY. RESOLUTION. 
(MeV) (MeV) ( Mev ) 

1.0 3:51 0.16 

1,2 B04 O15 

1.4 4.08 0.15 

1.6 4.35 0.14 

1.8 4.59 0-13 

2.0 4.84 Oe 

2.2 5.07 Omle 

2.4 5.30 O12           
Table 2.3 NEUTRON ENERGY AT THE SOLID STATE DETECTOR. 
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CHAPTER 3 

3.0 Techniques for The Measurement of Neutron Flux. 

The neutron cross-section determination requires 

the measurement of neutron flux, employing a suitable 

technique to obtain a good accuracy. Some techniques use 

a standard of accurately known cross-section and are 

called"relative methods" In the"relative methods" of 

neutron flux measurements, the cross-section of the 

standard must be known accurately and vary only slowly 

with incident neutron energy. The cross-section must be 

large to ensure good counting statistics. Other methods 

are absolute and do not require the use of a standard. 

Techniques which fall into this second category are 

associated particle, associated activity and total 

absorption, 

‘Hn, p) reaction provides a suitable standard for 

neutron energy range 100 keV to 20 MeV. The cross-section 

of this reaction is known to an accuracy of better than 

1%. Most often, the recoil proton is detected using a 

proportional or scintillation counter. 

In a gas proportional counter, the hydrogenous 

medium is usually hydrogen or a hydrogen-argon mixture. 

The detector configurations are chosen to achieve a 

sensitive volume, and the upper neutron energy limit is 

about 3 MeV, which is set by the proton range in the gas.



38 

When the recoil proton range exceeds the counter 

dimensions, wall and edge effects are observed. Increases 

in counter diameter or gas pressure are limited by the 

increased sensitivity of the detectorvto gamma radiation 

and by electrical breakdown effects when using high 

voltages. 

The scintillation counter provides good proton 

detection efficiency but which decreases with increasing 

neutron energy. The efficiency can be improved by 

increasing the detector size but with the risks of gamma 

pile-up. Organic scintillators produce non-linearity in 

light output with energy. 

In many cross-section measurements, secondary 

standards have been used as alternatives. 235y (nF) and 

2285 (n, eyeroses cacti ons are most widely used as secondary 

standards. The cross-section values of these reactions 

are known to an accuracy between2.5 to 3%,The major 

sources of systematic error lie in the assay of the fissile 

deposit. The technique of fission counting is generally 

simple and provides accurate reaction rate measurements, 

with good discrimination against background or other 

competing reactions. 

The reactions used in the "associated particle" 

neutron flux measurements are: 

(1) D(d,n)-He; associated particle, 7He.
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(2) T(d,n) “He; associated particle, alpha. 

(3) T(p,n) 2He; associated particle, 3 He, 

The emitting neutron is accompanied by the simultaneous 

production of a charged particle. The detection of the 

charged particle provides a measure of the neutron 

flux. 

In the D(d,n) He reaction at low energies,there 

exists an isotropic distribution of 3he particles 

and neutrons. At higher energies, the distribution 

becomes anisotropic. At low energies, the D(d,n) 2He 

reaction has a competing D(d,p) 38 reaction and the 

3 detection of protons becomes an alternative to ~He 

detection. 

The Tae) He reaction has been mostly used for 

14 MeV neutron fluxes. The associated alpha particles 

have nearly isotropic distribution. 

There are a number of limitations of the "associated 

particle’ methods which are due to: 

(a) the multiple Coulomb scattering of the residual 

nuclei before detection. 

(b) the neutron scattering in the target-holder 

material. 

(ce) the variation of the angle and energy of the 

associated particle with the variation of incident particle 

energy ata fixed neutron angle ( laboratory ). 

(d) problems of identification of the particle. In D( dyn) 3He 

reaction 3He must be counted in presence of protons fran the 

D(d,p)T canpeting reaction.
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In"total absorption methods", all the neutrons of 

any energy incident upon the detector are absorbed. The 

activity of the irradiated detector is determined to 

calculate neutron flux. 

In this work the neutron flux measurements were 

earried out relative to 2385 , and with a 2% gas-flow 

fission counter already developed and successfully 

employed for neutron monitoring experiments in the 

(6) department. The fission cross-section of 238) is well 

known and smoothly varying. The technique utilises the 

detection of fission fragments released from 238 U deposit 

when bombarded with neutrons through the process of 

ionization produced as the fission products are brought 

to rest within the detector gas. A large output pulse is 

produced since the light and heavy fission fragments have 

energies of approximately 93 MeV and 61MeV respectively. 

The geometry allows an accurate measurement of 

counting efficiencies and the approximate choice of 

ehamber dimensions provides improved discrimination 

between alpha particles and fission fragments. The 

energy resolution is poor but this does not pose a 

problem in fission counting. 

The"associated activity" reactions such as 

TLi(pyn) "Be 

>I Pe(p,n)2'Co 

6 
Culp yn) 22Zn 

produce gamma active products, following irradiation. 

Measurement of induced activity provides a measure of 

the neutron flux.
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3.1 Design Considerations for a 21) Gas-flow Fission 

Counter. 

The energy loss of fission fragments in a material 

differs considerably from that of alpha particles or 

protons. An alpha particle or a proton maintains a 

constant charge for almost its entire range in the 

stopping material and the capture of electrons is 

important only near the very end of the range. For a 

fission fragment, however, the initially large positive 

charge obtained through the loss of several electrons 

decreases continually by the capture of electrons in the 

slowing down process. This has a marked effect on the 

energy loss mechanism of the fragment towards the latter 

part of its range where collisions between the fragment 

and the nuclei of the stopping material are more important 

than the electronic excitation processes. 

Calculations of the range of fission products is 

complicated by having to consider the decrease of the net 

charge of the fragments and the incidence of nuclear 

eollisions. Bonr' 26) made two approximations in 

calculating the fragment range 

(1) The fragment will shake off all those of its 

electrons whose orbital velocity in the atom is smaller 

than the velocity of the fragment itself. 

(2) The velocity of the fragment will decrease 

linearly with distance as long as the energy loss is due
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mostly to electronic collisions, thus relating to the case 

of energy loss of an alpha particle. He obtained a 

relationship between the range of a fission fragment and 

that of an alpha particle with the same velocity v 

"F a ce eee 23.1) 

Raipna ( ies ° 

Ay is the mass number of the fragment and zeit v3. 

determined in approximation by 

voli weet 2 uate) on) reas ey 
where zy is the full value of the fragment charge free 

from electron shielding. 

Kateoff, Miskel and Stanteyo) » Measured the ranges of 

plutonium fission products in air and their results 

( Table 3.1 ) are in sufficient agreement with Bohr's 

theory. The ranges in argon are also included in the table 

following their calculation from the Bragg-Kleeman 

formula (equation4.11). The mean range in air for the 

heaviest to the lightest fission fragment varies from 

1.79 cm to 2.65 cm and in argon from 0.35 em to 0.51 em. 

The mean range in air at N.T.P. for alpha particles from 

238y (4.19MeV) is approximately 2.96 cm. Therefore, an 

appropriate choice of source to electrode spacing of 

0.5 em to 2.5 em in argon at N.T.P., would effect 

discrimination between alpha particles and fission fragments 

238 
from the U deposit.
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Mass Number | Fission Product | Half-life Mean Range(cm) 
air argon 

83 Br 2.4 hr. et) 052! 
91 sr Ou nee 2.55 0.490 

92 Y 3.5 hr. Re Oy 20 
93 Y TO: Ott. 2553, Ock8s 

94 Y 20.0 min. 2.52 0.486 

97 Zr VSO nye 2:50 0.482 

99 Mo 67.0 hr. 2.48 0.478 

105 Rh 36.5 hr. 2.42 0.467 

109 Pd 13.4 hr. 2535 40). 453) 

tte Pd 21.0 hr. 2.24 0.432 

117 In ARGS > hi. 2.08 0.401 

127 Sb 93.0 hr. 2.09 0.403 

1295 Sb 4.2 hr. 2.09 0.403 

132 Te TT sOrne. 2505: 02395 

133 Te 60.0 min. 2.04 0.393 

134 Te 43.0 min. 2.04 0.393 

140 Ba 12.8 days. W920. 370 

143 Ce B30 Ar. 1.89 0.364 

15% Eu 15.4 hr 1.79 0.355         

Table 3.1 Mean Range of Plutonium Fission Fragments in Air 
  

and Argon at N.T.P. 
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The maximum detector pulse output per unit energy 

deposition depends on the ionization Properties of the 

filling gas. In an impurity-free gas, the mean energy 

required to form an ion-pair 'W" is of interest. This 

quantity is relatively sensitive to the nature of the gas 

but independent of the type and energy of the particle 

particularly if the gas is pure.'W' is not very different 

for different stopping gases and is smallest for the 

(28) inert gases The choice of gas can be determined 

from consideration of 'W' values. Some gas mixtures with 

argon gas as the main constituent have been reported to 

have minimum values of vyr (29) and in such case the 

effective value of 'W' is determined as: (30) 

  W = ( W/W, - WAT ) 25; + 1M So eisinss 0) 

Where a = 

  

with Py = partial pressure of gas with value Ws 
, 

F partial pressure of gas with value Wi 
, 

aij = an empirical constant which in some cases is 

equal to the ratio of the stopping powers of 

the component gases. 

The presence of electronegative impurities in the 

gas such as argon (the most common) results in the 

capture of electrons, thereby reducing their mobility. 

The electron agitation energy reduces following inelastic 

collisions with impurity molecules. This attachment of
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electrons to the impurity molecules forming negative ions 

(31); produces loss in the pulse. Bistline derived a 

relation which accounts for this loss; 

Bem See OS 5K) eae 3a eee oe 

Sy is the voltage pulse in absence of electron 

attachment and which can be defined in terms of detector 

eonfigurations as; 

S85 Bh NS ID FB ht wy. nseoeraed eho testi Sie ae) 

N is the total number of electrons released through 

ionization. e, the electronic charge. ¢ represents the 

capacitance of the parallel plate detector with d as 

source to electrode spacing. Ais electron attachment mean 

free path and x is the distance from point of origin of 

the electron to the collecting electrode. 

The use of a mixture,such as of argon and a 

polyatomic gas,reduces the:sensitivity of the detector 

response to the presence of electronegative impurities. 

High drift velocities for the electrons would contribute 

to achieve a fast electron pulse rise time. Small amounts 

of nitrogen in argon, though provide higher drift velocities 

yet nitrogen being an impurity causes electron attachment 

thereby reducing the agitation energy. Methane on the 

other hand provides the highest drift velocity 32) 

and does not act as an impurity. Fig3.1 presents the 

electron drift velocity as a function of E/p ( E is the 

electric field strength and p is the gas pressure ) for 

pure argon, methane and methane-argon mixture. The
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Pure methane 

  
Pure Argon eS 

Oca eG Oommen dee 9 ecm wha 
      

E/p (volts/em) (mm Hg)7!. 

Fig. 3.1 Electron Drift velocity as a function 

of E/p for argon, methane and argon- 

methane mixture.
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proportion of methane in argon needs to be considered 

as its increasing concentration would provide increasingly 

fast pulses but, the corresponding increase in effective 

'W', would reduce ionization yield per unit energy 

deposited. ( 'W' for methane is much higher than for 

argon ) A mixture of 90% argon and 10% methane was 

Selected to be most suitable. 

3.2 Performance of the 2WGas-flow Fission Counter. 
  

The schematic diagram of the fission counter, 

employed in this work, is given in Fig. 3.2. The thickness 

of the aluminium casing was kept at a minimum to reduce 

neutron scattering by the counter. Aluminium has an 

advantage over other possible counter shell materials 

in that its neutron cross-section is low in the energy 

range of the present measurements ( 3.5 to 5.5MeV ).The 

collecting electrode has curved edge to avoid build-up 

of surface charge. The perspex rod attached to the collector 

slides across a millimetre scale allowing the source- 

collector distance to be varied. The counter chamber 

diameter ( about 7 cm ) was determined by the size of the 

platinum dise ( diameter 6 em ) carrying the uranium 

deposit and by the range energy considerations for the 

particles depositing energy in the gas mixture. The gas 

flow through the counter was continuous, at a low flow 

rate and at a pressure just above atmospheric, 

Fig. 3.3 shows the photograph of the fission counter.
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A Aluminium chamber 

E Electrode 

P Platinum dise 

U Uranium deposit 

R Supporting ring. 

  
Fig. 3.3. The Fission Counter.
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The detector was operated at about +300 volts 

supplied by a standard E.H.T. unit. The ancillary 

electronics, employed to process the output pulses, 

consisted of a pre-amplifier ( Ortec 124 ), a main 

amplifier ( Ortec 472 A ), shaping constant us. 

In initial tests a 72° alpha particle ( 4.8 MeV ) 

spectra were obtained, with argon gas flow, at a 

source-to-electrode spacing of 2 cm and 4 em ( Figs. 

3.4 and 3.5 ). The first spectrum ( Fig. 3.4 ) is not 

that expected from an alpha particle source. The two 

peaks in the spectrum are due to the source-electrode 

configuration. The lower energy peak is that due to 

alpha particles with ionization tracks intercepting 

the electrode thus depositing part of their energy in 

the gas. The alpha particles traversing past the 

electrode deposit their full energy and contribute to 

the higher energy peak. The distortion in the lower 

energy peak is attributed to a fraction of alpha 

particles emitted at low grazing angles to the surface 

of the source which lose part of their energy in the 

ehamber walls. This explanation is underlined by Fig.3.5 

for which the source - electrode spacing is greater than the 

3.6 em range of 4.8 MeV alpha particles,and by measurements 

made at higher gas pressures. The distortion of the spectrum 

ean easily be eliminated by increasing gas pressure. This 

was not done in this work as the detector was not to be 

used for the measurement of alpha particle spectra.
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In further tests, fission spectra ( e.g. Fig. 3.6 ) 

were obtained at various electrode spacings and at a 

source-electrode spacing of 2.0 cm, using moderated 

Am-Be source neutrons. No spectral distortion was 

observed. The mean range of fission fragments in argon 

of between 2.0 and 2.5 em provides the most symmetric 

sensitive volume for the detector. Further, the 

specific ionization of fission fragments is greatest 

at the start of the ionization tracks. This electrode 

Spacing also provides good alpha particle/ fission 

fragment discrimination. 

In the neutron flux measurements associated with 

cross-section measurements, the fission counter was 

operated under the same experimental conditions 

described above. Details of such measurements are given 

in chapter 5. 

3.3 Corrections to Observed Fission Counts. 

Even from a thin source, fission fragments lose 

energy within the source and those emitted at grazing 

angles to the surface are totally absorbed. white! 33 ) 

stated that for 27-geometry, the fraction F of fragments 

lost due to absorption in a deposit of thickness t, was 

PsP t72nk 

where R = mean range of the fission fragments. Furthermore, some 

fission fragments do not emerge with sufficient energy 

and are not recorded because of low level electronic
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discrimination. The above formula was modified by 

(34) 
Rossi et.al, » Siving 

Pole,  t/2CReR) ne des nah 3x61) 

where Ra is the range of fission fragments of energy equivalent 

to the discrimination level. The non-uniformity of the 

foil also contributes to the fragment absorption. The 

equation 3.6 may be further modified as 

Pet? eo 7 2b CR Rk.) C37) 

where o is the standard deviation on source thickness 

variation. For the *3°u foil used in this work, Ja1ii‘ ©) 

calculated , taking into account the measurements of 

axntar 35) ana wnite33) | a foil non-uniformity (o/ t) 

of approximately 0.5. 

A further correction, generally required, is for the 

momentum gained by the compound nucleus when bombarded 

by an energetic neutron. This affects the fragment velocity 

when it is driven out of the deposit. Tamphere’2”) has 

suggested a momentum correction, 

1 

Be aed 0.0026(E.)* Peas oleae C328) 

where 5 is the neutron energy. Positive and negative values 

of EF eorrespond to the deposit facing away from or 

towards the neutron source. 

The above correction does not take into account 

the effect of anisotropy of the fission fragment 

angular distribution. Another relation was suggested by
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white’ 33 ) for the case in which anisotropy is not 

insignificant; 

FL = t/2R( 1- 2QR/t Se Gie ye eee (3.9) 

where Q is the ratio of the neutron momentum to the mean 

fragment momentum, A is the ratio of the fragment flux 

at zero degree to the neutron direction, to that at 

con. When at least one fragment escapes from the foil 

the factor (2QR/t) becomes equal to 1 and Eas = 0%



  

  

CHAPTER 4 

CHARGED PARTICLE DETECTION FROM A 

SAMPLE UNDER NEUTRON IRRADIATION 
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CHAPTER 4. 

4.0 Charged Particle Detection from a Sample under 
  

Neutron Irradiation. 

The (n,p) and (n,&) reactions at neutron energies 

below 6 MeV have been investigated only in a few elements 

and mainly by activation methods. In the range of neutron 

energies Up to a few MeV, the study of these reactions 

is quite difficult due to the generally high reaction 

thresholds, very small cross-section values and in 

some cases very short or long half-lives of reaction 

products. For these reasons, the data on these reaction 

cross-sections is less complete in this neutron energy 

range. 

In the detection of charged particles from 

neutron-induced reactions, techniques are required 

which would allow these particles to produce direct 

ionization in the stopping medium of the detector used 

and with a linear response to the particle energy 

deposited in the medium. 

Gas filled detectors’ 3” ) nave been used to detect 

heavy charged particles especially through gas multipli- 

cation in proportional counters. Such counters have 

large output pulses but suffer from space charge-induced 

nonlinearities. At high voltages, the strong electric 

fields produce inelastic collisions between electrons 

and neutral gas molecules. These molecules are elevated
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to excited states and during de-excitation, photons 

are emitted which then interact with other parts of the 

counter to produce spurious unwanted pulses. This effect 

is also observed in the gas proportional scintillation 

counter which combines some of the properties of a 

proportional counter with those of the scintillation 

detector. The light output from a gas proportional 

scintillation detector consists of a prompt and delayed 

response. The prompt light output is weak but has a fast 

rise time of the order of 1072s. The delayed component is 

due to electrons accelerated by the applied electric field 

and has a rise time of 5 to 6 ps. 

An inert gas scintillation counter is particularly 

suitable for the detection of heavy charged particles 

emitted by a fixed source or produced in neutron- 

induced reactions. It is equally useful in the detection 

of fission fragments. For these uses,the most useful 

features of the gas scintillation counter are: 

(1) The scintillation response is linear with 

the particle energy, E, deposited in the gas over a wide 

range of dE/dr. 

(2) Good 2 or 43 geometry can be obtained quite 

easily. 

(3) A scintillation decay time of the order of 

or less than 1078 s is obtainable. 

(4) The shape and size of the scintillator volume
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ean be adjusted depending on counter design requirements. 

(5) The stopping power of the gas can be controlled 

by varying its pressure, to allow particle-discrimination 

techniques to be employed. Where there is a group of 

charged particles of different energies, the sensitivity 

to the more penetrating particles can be minimised, 

whilst the lower energy particles deposit their full 

energy within the scintillator and produce a larger 

scintillation pulses. 

The use of gas filled detectors, is limited by the 

high gas pressures required to stop charged particles 

in the gas and the application of intense electric fields 

at these higher gas pressures. 

Solid or liquid scintillation detectors are more 

suitable for the detection of neutrons, X-rays or Y-rays. 

The detection by surface barrier silicon detectors 

of the charged particles emitted during nuclear reactions 

is now a standard technique. Since their development in 

the early 1960s, semiconductor detectors have become the 

instrument of choice for the majority of applications in 

the measurements of charged particle spectra in neutron- 

induced reactions. Two main advantages are the improved 

stopping power of the solid state medium and the small 

value of the energy required to produce an electron-hole 

pair. In addition to superior energy resolution, solid
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state detectors have a number of other advantages; good 

peak stability and freedom from drift; good timing 

characteristics, but require very thin entrance windows; 

insensitivity to ambient magnetic fields; ease of 

fabrication of special detector configurations and 

relatively low cost. 

The main disadvantages are: the limitation to 

small detector sizes; inability to stop particles of 

relatively long range and the relatively high 

susceptibility of these devices to performance 

degradation from radiation induced damage. The radiation 

damage effects in a semiconductor detector can become 

quite significant under typical conditions of use for 

heavy charged particles. When radiation damage is extreme, 

multiple peaks appear in the pulse height spectrum for 

monoenergetic pare eeon 38 ) 

On the basis of the relevant features of different 

detecting techniques available, the choice for this 

work was between the surface barrier semiconductor 

detector and the gas scintillation detector. Initially, 

it was decided to develop a gas scintillation detector. 

An argon gas scintillation detector was designed, 

built and used to measure alpha particle spectra from 

ool en and 235 U radioactive sources. Modifications to 

the design were carried out to enable measurements of 

(n,p) and (n,&) reactions in the neutron energy range of
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3 MeV to 6 Mev. Full details of the gas scintillation 

detector and associated gas purification system are 

given in section 4.1. However, the on-line detection 

of charged particles proved unsuccessful due to the 

high gamma sensitivity of the gas scintillation detector. 

The surface barrier detector was then used 

successfully to monitor (n,p) arid (n,&) reactions. 

Full details of this detector are given in section 4.2. 

yed Development of a Gas Scintillation Detector. 
  

The light which is emitted in gas scintillators 

is that coming from the gaseous molecules which are 

ionized and excited by the passage of charged particles. 

The excitation energy of the molecules is emitted as 

scintillations in the visible and ultraviolet regions 

of the spectrum. This luminescence emitted from gases 

is a well known phenomenon; the inert gases, helium, 

neon, argon, krypton and xenon are effective scintillators, 

particularly krypton and xenon. 

(39.5) 
were the first to develop 

( 4o ) 

Griin and Schopper 

a gas scintillation counter. Muehlhause introduced 

the use of an intermediate fluorescent material (later 

ealled a wavelength shifter) to improve the efficiency 

of the counter. He also suggested that the scintillation 

efficiency of gases should be nearly independent of dE/dr, 

the specific energy loss for the incident charged particle, 

thus giving a linear scintillation response to heavy ions
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such as fission fragments. Further understanding of the 

properties of the detector were provided by Nobles et. ae 

Boicourt and Broiley’ =), Northrop and Gureky° "3? , 

(aay (45) 

Sayres 

and Wu and Koch 

Koch observed the effect of a uniform electric 

field on the scintillation emission of xenon when excited 

by 4.7 MeV alpha particles. She found an increase in the 

scintillation pulse height with the increase in the applied 

field and the amplified light pulse consisted of two 

components. The prompt primary component which is due to 

ionization of the gas, produced by the incident charged 

particle, is fast ( rise time less than 1078s the 

magnitude of this component is unaffected by the applied 

electric field. The secondary component is due to the 

electrons (liberated by the charged particle) acquiring 

sufficient energy under the influence of the field to excite, 

but not ionize, the atoms of the inert gas. The secondary 

component is thus attributed to excitation of the gas by 

electrons accelerated by the field. The magnitude of this 

secondary component increases with the applied electric 

field but with a decrease in the pulse rise time. This 

important modification to the standard gas scintillation 

counter has been recently adopted by a few workers, notably 

(46 47,48) 
Conde and Policarpo and provides a much improved 

energy resolution. 

4.1.1 Scintillation Phenomenon. 

Lonization and Excitation 

When heavy charged particles pass through a gaseous medium 

they lose energy by interaction with atomic electrons. These
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particles impart energy to atoms by excitation and 

ionization. Atoms of the medium are either ionized or 

excited and, subsequently, there is emission of light 

of recombination or light of de-excitation. The 

recombination process occurs much too slowly to account 

for the fast light pulses which are characteristically 

observed. Moreover, these processes of ionization and 

excitation for an inert gas by the passage of a heavy 

charged particle are quite insensitive to the nature 

and energy of the particle. 

The mean energy expended per ion pair produced, 

W, and W/I, where I is the ionization potential of the 

gas, for inert gases are given in Table 4.1 (ug) 
  

Gas He Ne Ar Kr Xe 
  

W (eV) 42.3 36.6 26.4 24.1 249 
  

W/I te te Ta7O: 1.68 Aeahe 1.80                 

Table 4.1 Energy expenditure per ion pair W and Ionization 

Potential of inert gases. 

The value of W/I = 1.7 represents the energy balance 

of the absorbed energy in terms of its partition between 

electrons, ions and atoms in the excited state. 

Be E = the absorbed energy. 

N,= the number of singly ionized charged atomic 

ions or electrons. 

E.= the average energy expended per ion pair 

produced.
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é= the average kinetic energy of the atom. 

Ne = number of excited atoms. 
x 

Boy = average energy expenditure per excited atom, 

then, n = 
Ws E/N, = By + Eee Nj) tie ur se pater es C44 ) 

Piataman® 49) has obtained values for quantities on the 

right hand side of the equation for helium gas, viz 

E,/1 = 1.06, So = 0.85, Noy/N, = 0-40 and €= 0.312. 

Substitution of these values in the energy balance 

equation, gives W/I = 1.71 which is in good agreement 

with the experimental value given in table 4.1. 

Emission Spectra. 

The emission spectrum of light emitted during the 

de-excitation and ion recombination processes is complex. 

It is different for each inert gas and covers a wide 

range of wavelengths extending into the far ultraviolet 

region. 

When an atom returns to the ground state by 

successive allowed transitions to lower excited states 

with the emission of photons of corresponding energy, 

it yields an atomic line spectrum. The life time of the 

optical levels is of the order of 1078s, If an inert gas 

atom or ion is excited to a resonance level, it will 

usually return directly to the ground state with the 

emission of resonance radiation in the far ultraviolet 

region. The life time of the excited state is of the order
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of or less than 1072s. In the presence of other atoms, 

the resonance radiation is reabsorbed and re-emitted 

many times with the consecutive formation of the same 

excited state. 

When the transition to a lower excited state, 

particularly the ground state, is forbidden, the life 

time is limited by collisions with neutral or excited 

atoms, or ions. These metastable levels lead to the 

formation of excited dimers or molecular ions whose life 

time depends strongly on the temperature and pressure 

of the gas. The excited dimers and molecular ions are 

formed by double and triple collisional processes with 

metastable excited atoms, © 50) 

# # 
@.8. He + He = He, 

; i 

He + He = Hes” + € 

# * 
Ar + Ar + Ar = Ary + Ar 

# x 
Xe + 2Xe = Xe, + Xe = 2Xe + hy+ Xe. 

As the excited dimer can not exist in the ground state, 

radiation emission accompanying its dissociation yields 

a spectral continuum. co11;§ Shed investigated the triple 

collisional process in argon as a function of pressure. 

The emission intensity I shows a rise and decay with time 

t as: 

Eee @ exp(-tAp,) - exp(t/¢p) a Sashes) Manet C e2 ) 

where, tr = time constant for formation of excited 

dimer.
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“tp = time constant for decay of excited dimer. 

The peak of dimer emission for argon occurs at wavelengths 

of 125+10 mp. 

To summarize the above, the scintillation emission 

spectrum of an inert gas is a complex system of lines, 

bands and continua. It extends from the visible into the 

far ultraviolet. It shifts towards longer wavelengths 

with increase in the atomic number of the gas, and 

relative intensities and decay times of different parts 

of the spectrum are influenced by the gas pressure which 

determines the collisional frequency. The wavelength 

ranges for inert gases are given in Table 4.2. 

  

  

  

Inert Gas(es). D.Cny) Observer Ref. 

Ar, Ar + Ny 200-680 Gritin (52°) 

Xe + No 

He + N,, Ar 210-600 ~ Koch (53 ) 

Ar + Noy Kr, Xe 

He, Ne, Ar, Kr, Xe 240-550 Bennet Csy ) 

with Ny as impurity.     

Table 4.2 Wavelength ranges for Inert Gases. 

Emission Spectrum and Gas Pressure. 
  

The relative intensities and decay times of 

different parts of the spectrum are strongly influenced 

by the pressure of the gas which determines the collisional 

frequency. The pressure also determines the rate at which
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the excited dimer and molecular ion are formed and other 

similar processes. 

The quantum efficiency of fluorescence Q is given 

in terms of gas pressure p as 

Q = / Ty 4) seategesst ch ey (4.3)Ref.( 55 ) 

where, Q = fluorescence quantum efficiency if there 

is no collisional quenching, and p' corresponds to 

the conditions of gas at atmospheric pressure and 

number of molecules per unit volume at that pressure. 

Similarly, the fluorescent decay time can be 

expressed in terms of gas pressure p as 

Mite? Capyo min as ees) 

orepresents the decay time in the absence of collisional 

quenching. The energy expenditure per ion-pair produced 

is independent of gas pressure p , which means that 

the efficiency of primary excitation will be independent 

of p . But because the scintillation efficiency is 

proportional to primary excitation and quantum efficiency 

of fluorescence, it will vary with p as 

Sa) Sp (1p/ Pt) eee « (4,5) 

where, Sg» again represents the scintillation efficiency 

in the absence of collisional quenching. 

The scintillation efficiency S is also related 

to scintillation response L and particle energy 
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dissipated E as 

Cau/er)s “Si(GE/ar) Scie ev ccaule (4.6) 

where, r = particle range ( dependent on gas pressure ). 

Seintillation Pulse Rise Time and Duration. 
  

A gas scintillator has a very fast response time. 

This enables fission fragments to be detected in the 

presence of a high alpha particle background. Nobles 

et. ai! 41) were able to detect fission fragments with 

no interference from multiple pile-up of alpha particle 

pulses. A scintillation rise time of the order of 1078s 

(4s) or less can be obtained. Koch observed this rise 

time equal to 2.2ns when working with xenon gas at 

5 Cre) 10° N im" ( 760 mmHg ). Boicourt and Brolley used 

krypton gas in their counter and obtained an upper limit 

for the rise time of 10798. 

The contribution of all the observed emission 

components described above accounts for the scintillation 

decay time of a gas scintillator. The decay time is 

determined by the relative intensities and also the 

relative efficiency of detection of the various components 

Some components have a finite rise time which is dependent 

on pressure and temperature, and the decay time of the 

other components is also subject to different degrees of 

collisional quenching and thus dependent on pressure and 

temperature,( equation 4.4 ).
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Senmidt® 56) found the behaviour of xenon to be 

complex. At pressure less than 0.08x10° Pa ( 60 mmHg ), 

xenon has a pure line spectrum but, at greater pressures, 

the continuum appears. The variation of observed decay time 

with pressure for xenon is shown in Fig. 4.1. The value 

of the decay time at 10° Pa ( 760 mmHg ) extrapolates 

to about 9 ns which is a higher value than obtained by 

Koch. Schmidt's value appears to be mainly from light 

in the continuum whilst Koch's value refers to the line 

Spectrum. This means that the continuum value is more 

realistic for practical gas scintillators, since much of 

the scintillation emission occurs in the continuum. 

( 57) 
Kugler later confirmed that the xenon luminescence 

was mainly in the continuum and was due to the emission 

of excited dimers formed in the process. 

Scintillation response to different particles. 

The important feature of the inert gas scintillators 

is that the scintillation response is practically 

proportional to the particle energy lost in the 

scintillator over a wide range of dE/dr, the specific 

energy loss. The scintillation response versus particle 

energy is a linear relationship. This property makes 

gas scintillators superior to any other type of 

Geen) 
scintillator. Noble's work with xenon gas proved 

the scintillation response of the counter to be 

independent of the nature of the particle. Boicourt and
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Cte) 
Brolley measured the scintillation pulse spectra 

for fission fragments and alpha particles in krypton and 

found that the scintillation response to the light and 

heavy fission fragments were proportional to their 

(83) energies. A similar measurement by Koch confirmed 

these results for xenon gas at nearly atmospheric 

pressure. Sayers and wu! a) used a xenon counter to 

Cf 7 
detect Li’ ions and alpha particles from the Be) La 

reaction and determined the 4:7 ratio of their energies. 

Scintillation poisoning by impurities. 
  

The presence of a small trace either of nitrogen 

or of some other molecular gases can quench the 

characteristic fluorescence spectrum of the inert gas 

and replace it by the band spectrum of the molecular gas. 

A small concentration of nitrogen as low as 0.001% can 

produce marked quenching. Koen! 53 ) observed that 

mercury vapour, also commonly present as an impurity 

in all inert gases, quenches fluorescence and produces 

its own resonance line at 253.7 my. These impurities are 

either present in the inert gas itself or are occluded 

on the walls of the gas cell of the detector. A trace 

of nitrogen is generally present in even the highest 

purity inert gases. The various ways in which impurity 

excitation takes place are 

(1) by electron impact. 

(2) by collision with metastable atoms or



ta 

molecules. 

(3) by charge exchange collisions and 

(4) by ultraviolet photon absorption. 

Although the addition of a small quantity of nitrogen to 

the lighter inert gases such as helium or argon results 

in an enhancement of light emission in the visible region, 

it is evident from the results of several observers 39 5 

53, 59) that nitrogen always acts as a quenching agent 

and decreases the absolute scintillation efficiency. 

Various methods have been adopted by workers to 

overcome this difficulty. 

(a) A gas cell cooled to 0 ¢ or below reduces 

the impurity outgassing. 

(b) A clean system incorporating Viton '0O' rings 

when baked properly while maintaining vacuum, provides a 

simpler solution, and was the method adopted in this work. 

It proved successful in maintaining pulse height stabiiicy 

over a long time ( section 4.1.5 ) 

(c) A less expensive gas can be used in a 

continuous flow counter at a rate sufficient to remove 

contaminant occluded from the counter walls. Expensive 

gases such as xenon can be circulated in a closed system 

containing a gas purification unit. Sayers and Wu ) 

were the first to design and use a closed circulating 

system. Their system had a gas circulating pump which 

incorporated a hot calcium purifying unit. Conde and
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Policarpo and their eollaborators: 46, 60, 91) a opted 

this technique. A different technique was used in this 

work; a molecular sieve material was used to purify 

gases (section 4.1.4) 

Use of a Wavelength Shifter. 

As described earlier, the emission spectrum of 

light of an inert gas scintillator extends over a wide 

range of wavelengths, into the far ultraviolet region. 

The light is mostly in the range below 400 nm, i.e. the 

U.V. and vacuum (far) U.V. regions. This cannot be 

readily detected by an ordinary glass-windowed photo- 

multiplier since glass is opaque to ultraviolet. A 

quartz-windowed photomultiplier must be used to allow 

maximum trasmission of light from the ultraviolet 

region. A further increase in photo-efficienecy is 

obtained by employing an intermediate fluorescent 

material to convert the wavelengths from the far U.V. 

to that more nearly matching the photocathode response 

of the tube. 

An organic compound can be used for this purpose. 

The organic molecules absorb, very strongly the 

fluorescent in the U.V. and far U.V. regions and then 

themselves fluoresce in the blue-green region of the 

visible spectrum. For this reason, such organic compounds 

are called ‘wavelength shifters’. They are transparent 

to their own fluorescence.
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A wavelength shifter is usually painted or vacuum 

deposited (evaporated) on top of the reflecting coatings 

on the walls of the gas cell of the detector. The 

reflective coatings on the walls are either paints such 

as MgO or A150, or highly polished metal foils, and 

have a high co-efficient of reflectivity. Hence, a better 

photocollection efficiency is achieved. The wavelength 

shifter is also coated on the exit window from the glass 

cell to photomultiplier photocathode, with typical layer 

thickness of the order of 75-100 meg en -. Some commonly 

used wavelength shifters for gas scintillators are given 

in Table 4.3. 

  

Chemical Name. Gas or Gas Mixture Ref. 

p-quaterphenyl (QP). He, Ar, Kr, Xe, 44 46,62 

He + Key 

Tetraphenylbutadiene Ar, Kr, Xe. 62,63 
(TPB) 

Diphenylstilbene(DPS) He, Ar, Kr, Xe 43,46, 62 

He + Ny 

Sodium salicylate. Ne, Ar, Kr, Xe, 62,64, 65 

Ar + No» Ar + 0,     

Table 4.3 Commonly Used Wavelength Shifters. 

A major disadvantage of using a wavelength shifter is 

its tendency to quench the gas scintillation which 

then causes the deterioration in the scintillation pulse 

height with time. In this work, the use of a wavelength 

shifter was avoided. A photomultiplier was chosen with



1D) 

its spectral response extending to far U.V. (150 nm ) 

region of the spectrum. Full details of the photomultiplier 

are given in section 4.1.3. 

4.1.2 Design Principles of an Inert Gas 
  

Seintillation Detector. 

The design of a gas scintillation detector requires 

the knowledge of the charged particles' range in the gas 

and the pressure, sufficient to stop the particles in 

the scintillator volume. The pulse height also depends 

on gas pressure. These features are described in this 

section. 

Range of Heavy Charged Particles in Inert Gases. 
  

Detector design considerations require the 

determination of the range of the ionizing particles in 

the gases used as scintillators. The path of the particle 

is nearly straight, apart from the rare case of a nuclear 

eollision when a large-angle scattering may occur, and 

is of mean range r. 

There is no accurate experimental "range-energy" 

(66) data available for scintillators. Evans plotted 

the range-energy relationships for protons and alpha- 

particles in dry air at 15°C and 760 mmHg pressure. 

Figs. 4.2 and 4.3 show these plots. These relationships 

which have been developed by a combination of experimental
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( 67) (68 ) and theoretical data by Bethe and Jesse & Sadauskis 

provide a useful'standard reference' for the behaviour 

of the other absorbing materials. The well known"Bethe- 

formula" in the relativistic case: 

dB/ar = (4ne"Z?/mgv°) Nz | In (2mgv*/t) - In(1-€) - ¢ 

provides the value of dE/dr , the 'Stopping Power' of 

the slowing down medium. 

This equation represents a particle of rest mass 

M (Ym, the rest mass of an electron of charge e ), 

charge Ze, velocity V ( = Be ) and energy £, 

transferring energy dE as excitation or ionization 

along an element of path dr in a homogeneous medium 

containing N atoms em73, each of atomic number Z. 

I is a constant for the medium corresponding to the mean 

excitation and ionization potential. 

Whilst dealing with a heavy charged particle below 

10 MeV, the above equation can be modified to a non- 

relativistic case. Using p«i and E=3M ue or 

dE = MV av, 

dr = M/Z? 1 (morte) s242. 03 aV)/1n(2myV°/1) 

Utodisieeser (4.8) 

Therefore, for two particles of same initial velocity, 

V but different M/2?, from equation 4.8 

2 2 
dr i/de, =! (M/2>) (7 (yz do



7? 

OR, ri/Py = -aan-- a ee (4.9) 

A more simple but sufficiently accurate relationship 

known as the 'Bragg-Kleeman' rule is used for most 

purposes in the scintillator design to determine the 

thickness of the scintillator required to stop particles 

of a given energy. According to the rule, the effective 

stopping power is proportional to the square root of the 

atomic weight A of the medium, i.e. dE/dr & ab 

Therefore, the range is inversely proportional to 

the product of atomic stopping power and N, the atoms 

3 per em~ in the stopping medium. 

1 
  ive: r xX 

N (atomic stopping power) 

3 or, rat 7 ( AP NC ZA ) 

i¢ No = Avogadro's number, S = density of the medium ). 

So, the range ry, in medium 1 relative to range ro ina 

reference medium 0 is given by : 

1 

r Ro Ae 
ee a Weg ONO) 

r 3 0 ab 

i - - 

For air, Aj = 3.82, @= 1.226 x 10 3g om Jat N.T.P. 

Equation 4.10 becomes, 

y oat 
i er «Ch. 172) 

The values for ean for protons and alpha particles were 

obtained from Figs. 4.2 and 4.3. Table 4.4 below gives 

the approximate ranges, calculated using equation 4.11.
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RANGE ( em ). 
  

  

  

                

Particle | Energy 
(Mev) Air He Ar Kr Xe 

1 0.5 | 1093" | 0.61 | 0.42 | 0.33 

2 Tal 4,24 1.34 0.92 0573 

3 Ter (6.56 lo 2007 tsa | 1.33 

24 19725 | 2.93 10 2.02] 460 

pees 5 3.5 113.49 | 4.27 | 2.94 | 2.33 

Bote bee ART 48.18) | 5278 | 3.95 | 3.d8 

7 B.9 |22q75.0| ert. |). W095 Weaege 

8 74 \28.54 | 9103 | 6.22'| 4.93 

9 8.8 |33.94 | 10.74 | 7.39 | 5.86 

10 10.6 {40.88 |12.93 | 8.90 | 7.07 

1 8S Get 78 ios) | e771 Mateo 

2 7.5 | 28.93 | 9.15 | 6.30] 5.00 

3 14.4 | 55.54 }17.57 | 12.09 | 9.60 

4 23.6 | 91.03 | 28.79 | 19.82 | 15.74 

5 33.5 |129.21 | 40.87 | 28.14 | 22.34 

cre 6 46.5 179.35 |56.60 | 39.06 |31.01 

7 61.3 [236.43 | 74.78 | 51.49 | 40.88 

77.6 299.30 |94.67 | 65.18 |51.75 

9 95.4 367.95 116.38 | 80.13 | 63.63 

10 15.0 443.55 {140.30 96.60 | 76.70 

Table 4.4 RANGE OF PROTONS AND ALPHA PARTICLES AT N.T. 
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Seintillator Volume and Gas Pressure. 

The range of a charged particle of a given energy 

is determined by the gas pressure and increases 

considerably with particle energy at a given pressure 

(Table 4.4). The dimensions of the gas cell must allow 

full deposition of particle energy in the scintillator 

volume. Protons require higher gas pressures as 

compared to alpha particles of the same energy due to 

their mass difference. Argon gas pressure of approximately 

1.9 atmospheres is sufficient to stop completely 6 MeV 

alpha particles in a gas cell of length 3 cm, whereas 

for protons of the same energy a pressure of 18.8 

atmospheres is required. Moreover, 6 MeV protons would 

be stopped in about 10 atmospheres of xenon gas. The 

advantage of xenon is that the dimensions of the cell 

will be smaller. However, its higher cost puts some 

limitation on its use as a scintillator. 

Pulse Height and Gas Pressure. 

The pulse height increases with gas pressure and 

this increase becomes gradual once the distance from the 

source to the photocathode exceeds the range of the 

particle in that gas. The increase in gas pressure also 

improves energy resolution. This is due to the concentration 

of the charged particle tracks in the centre of the gas 

volume. Experimental verification of this fact would be
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given in section 4.1.5. 

C yy ) 
Sayers and Wu made measurements to show 

variation of pulse height and resolution with gas pressure. 

210 
° They used a P alpha source(Energy 5.3 MeV), Figs. 

( 58 ) used a Pus? 4.4 and 4.5. Nobles! alpha source 

(Energy 5.15 MeV) and made a series of measurements with 

argon gas at different gas pressures. He varied the gas 

pressure to change the alpha particle range from 4 mm 

to 13.5 and observed that the shape of the pulse height 

distributions changed but the position of the peak 

maximum remained approximately the same, Fig. 4.6. This 

broadening of the pulse height distrbutions with the 

decreasing pressure is due to the shifting of the 

eentroid of scintillation light outward from the source 

with increasing range of alpha particles. In the present 

work, the detector was employed to verify this broadening 

effect. Details are given in section 4.1.5 and Fig. 4.23. 

4.1.3 THE GAS SCINTILLATION COUNTER: PHYSICAL DESIGN. 
  

The gas scintillation detector was designed and 

built initially for preliminary measurements with argon 

gas and alpha particle sources. Its design is shown 

schematically in Fig. 4.7 and physical appearance in Fig. 

4.8(a). The gas cell G is made of brass, wall thickness 

2mm, sufficient to withstand gas pressure up-to 10 

atmospheres; the internal dimensions of the cell are 

30 mm x 50 mm diameter. Fig. 4.8(b).
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Fig. 4.8 (b) The Gas Cell.
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The minimum wall thickness, to withstand high gas 

pressures was determined by applying the tensile stress 

relationships to the longitudinal and circumferential 

(69), sections of the cell The tensile stress on the 

longitudinal section; 

Sy = PDxet 

and the tensile stress on circumferential section; 

S, = PD/4t 

where, P = gas pressure in nm7?, 

D = diameter of the gas cell in cm. 

t wall thickness in cm. 

The tensile stress for brass was taken to be 170 MNm 2, 

The inside surface of the cell walls were coated 

subsequently with an aluminium layer by vacuum evaporation, 

to improve the light collection efficiency of the detector. 

Two stainless steel valves Vas Vo were used to allow 

the detector to be evacuated, filled with gas and sealed. 

Viton '0O' rings were used to seal the gas cell. The Viton 

material has very low outgassing property and can be used 

at temperature up to 200°C. The quartz disc Q which 

measures 10mm x 60mm-diameter acts as an optical window 

and couples the cell to the photomultiplier. A silicone fluid 

was applied on the face of the photomultiplier tube to 

obtain a good contact between the photomultiplier tube 

and the quartz window.
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Photomultiplier Tube. 

The photomultiplier tube, type EMI 9813 QB was 

ehosen and has the following characteristics 

(1) 

(6) 

A quartz window (spectrosil) for transmission 

of ultraviolet light.(Fig. 4.9) 

A spectral response extending into the far 

(vacuum) ultraviolet (150 nm) (Fig. 4.10) 

14 dynodes with Cs-Be-O surfaces for maximum 

gain and good stability. 

A maximum envelope diameter of 55mm. The 

photocathode ( 46mm diameter ) is a semi- 

transparent curved surface on the quartz end 

window which is flat externally. 

A non-linear dynode chain structure Figs.4.11 

and 4.12. The voltage characteristics of 

photomultiplier dynode chain are given in 

Fig. 4.13 

Typical overall sensitivity up to 10,000 

amperes per lumen. 

Low dark current with noise equivalent input 

of the order of 9.5 x 407 12 lumens. 

Anode pulse rise time, typically 2.4 ns and 

electron transit time of the order of 45 ns.
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Fig. 4.12 The Photomultiplier Tube.
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The Detector Electronics and Data Acquisition System.   

The system used with the gas scintillation counter 

follows the general requirements of any counter system 

with a low noise level to reduce broadening of the pulse 

height resolution and to limit pulse pile up of the 

counter pulses at higher counting rates. The pre-amplifier 

must have a fast rise time capability to compete with 

the scintillation rise time which is of the order of 

1078s or less. The pre-amplifier type Ortec 113 was 

found to have matching characteristics for scintillation 

counting and it accepted pulses with rise time less than 

60 ns. The main amplifier was a Canberra spectroscopic 

type 1417 model which accepts pulses with rise time 

from 0-500 ns. The operating characteristics of these 

electronics matched with those of the photomultiplier 

tube which produced anode pulses with rise time between 

2-5 ns. A schematic diagram of the data acquisition 

system is shown in Fig. 4.14. The detector was operated 

with 2000 volts applied to the photomultiplier and with 

amplifier shaping constant of 0.25 micro-second. The 

multi-channel analyser with Analog to Digital converter, 

used to process pulses had input from 0-8 volts and 

accepted pulses with rise time in the range 0.1jqs to 

5 ps and fall time 0.1Ms to 10 pis, over a range 0-8volts.
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Factors determining the energy resolution of a 

Gas Scintillation Detector. 

The factors which contribute most to the energy 

resolution of a scintillation counter are: 

(1) The intrinsic effects in the scintillator; such 

as changes in light production efficiency, light collection 

efficiency, light transmission and reflection efficiencies. 

Light production efficiency depends upon the gas used as 

scintillator and the amount of impurity present. The gas 

eell design and reflectivity of its walls contribute 

towards light collection and reflection efficiencies. 

(2) The changes in the function of the photo- 

multiplier, affecting processes such as production of 

electrons at the photocathode, electron collection at 

the first dynode and electron multiplication along the 

dynode chain. 

The full width at half maximum ( FWHM ) resolution 

of the full energy peak for an energy E deposited in the 

seintillator can be written in the form! 18 sy 

3 
SAbOih 

rs 2 (FWHM), = | (80)2 + Saas 
hn p(R - 1) 

where, as or is the contribution to peak resolution 

due to the intrinsic effects. The other term in this 

equation is related to the 'transfer variance’ 

characteristic of the photomultiplier which determines
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the probability that a photon generated by a scintillation 

event in the scintillator produces a photoelectron 

collected by the first dynode. 

where, 

Rs 

é 

average value of the multiplication factor R 

for dynode stages. 

mean number of photons produced per scintillation 

and is directly proportional to E for gas 

scintillators. 

mean probability for the 'transfer variance’, 

and the mean value of this quantity is given 

by: De 
Dp = e fo") .n(A) . QA) ad. 

oy 
= photocathode to first dynode electron 

collection efficiency. 

6’ (A) = light collection efficiency at wavelength A, 

n( A) = number of photons of wavelength )\ 

produced per secintillation.( 7.4 for argon, 

and 21 for xenon at N.T.P. ) 

ay) = quantum efficiency of the Cs-Be-0 

mM 

de 

photocathode and is equal to 0.27 

electrons per photon. 

= the U.V. cut off wavelength for the window 

of the photocathode. 

= the long wavelength cut off for the cathode 

material. 

From Fig. 4.10, Dy is 170nm and Nes 600nm for the bialkali 

material.
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4.1.4 The Gas Filling System. 

The sensitivity of the scintillation properties 

of an inert gas to impurities contained in the gas 

(section 4.1.1), illustrates the importance of the gas 

purification. This purity must be maintained during 

experimental measurements. Hence, the gas cell was out- 

gassed, after initial cleaning, by baking the evacuated 

eell to a high temperature. 

A vacuum-gas filling system was designed and built, 

similar to that described by Bore‘ “A Ms The system shown 

in Figs. 4.15 to 4.17 allows the counter to be evacuated, 

gas impurities removed and the counter to be filled at a 

required pressure. 

The vacuum section consisted of an air-cooled 

diffusion pump with liquid nitrogen cold trap, backed 

by a single stage rotary pump. Standard Pirani and 

Penning gauges were used to read vacuum. The gas cell 

was fitted with a demountable stainless steel miniature 

valve (supplied by Hone Instruments Ltd) with PTFE sealing 

glands. This valve can be used with gas pressures upto 

5000 p.s.i. and for high vacuum applications. The Viton 

'O' rings were used to seal the counter as well as to 

attach the valve to the counter. Initially, two such 

valves were fitted to the counter to maintain a 

continuous flow of the gas through the gas cell (Fig. 4.8)
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Later, one of the valves was removed and gas outlet 

permanently sealed. This enabled the counter to be 

evacuated, filled with gas and removed from the system 

after closure of the remaining valve, (Fig. 4.18). In the 

gas filling and storage section, viton diaphragm and 

'O' ring seals were used. This material could withstand 

temperature in the order of 200°C and had a very low 

vapour pressure. 

A vessel containing molecular sieve material (Fig. 

4.19) was built into the gas filling system for use in 

purification of the counter gas. This technique, applied 

successfully by Bore’ a ” makes use of the property of 

the molecular sieve to absorb molecules of below a 

eritical diameter. The material is highly porous with 

pores of molecular dimensions and absorbs only those 

molecules that are small enough to enter the pore system. 

Table 4.5 gives critical diameters of molecules of some 

inert gases and the impurities which may be present in 

them. 

A erystalline Potassium alumino-silicate molecular 

sieve (Type 3A) was used in the form of 1716 pellets. 

This material has a pore diameter of 3 ‘i. The molecular 

sieve vessel and remainder of the filling system were 

baked whilst under vacuum to remove occluded gases and 

gases trapped within the sieve material. Electrically 

heated tape was used for this purpose. This system was
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The Gas Scintillation Counter.
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Fig. 4.19 Molecular Sieve Vessel. 
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then allowed to cool to ambient temperature. The vacuum 

5 

  

achieved was better than 10° torr. 

MOLECULE CRITICAL DIAMETER( “A). 

Helium 230 

Inert Gases are on 3.8 ° 
Krypton 4.18 at 0 C,Ref(72 ) 

Xenon W190 at O°C»,Ref (72 ) 

Hydrogen 2.4 

Oxygen 2.8 

Carbon monoxide 2,8 

Impurities. Carbon dioxide ae 

Nitrogen 31 

Water({vapour) 315 

Methane 4.0 

  

Table 4.5 CRITICAL DIAMETERS OF SOME MOLECULES. 

(Data supplied by BDH Chemicals Ltd). 

The volume of the molecular sieve container and 

other components in the gas storage section were such that, 

when transferring gas into the counter, the counter 

could be filled to the required pressure. 

The research grade argon and krypton gases were used 

as scintillators and manufacturer's typical analysis is 

given in Table 4.6.
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ARGON 

Argon 

Oxygen 

Nitrogen 

Hydrogen 

Carbon dioxide 

Hydrocarbons 

Moisture 

KR 

99.9997 % 

less than 1 

" " 2 

YP Ts Oo 

Krypton 

Xenon 

Nitrogen 

Oxygen 

Carbon dioxide 

Hydrogen 

Hydrocarbons 

Moisture 

99.997 & 

20 vpm. 

10 vpm. 

less than 1 

vpm. 

vpm. 

vpm. 

vpm. 

vpn. 

vpm. 

vpm. 

vpm. 

vpm. 

vpm. 

vpm. 

  

Table 4.6 Typical Analysis of Research Gases. 
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4.1.5 Detector Performance. 

The performance of the gas scintillation detector 

was tested initially with alpha particle sources and 

using research grade argon and krypton filled in the 

detector. The gas cell, first filled direct from the 

gas cylinder, a number of measurements were carried out 

and the resulting spectra are described in this section. 

During the course of these measurements, it was intended 

to improve and achieve a good resolution for the detector, 

to enable the detector to resolve protons of close 

energy grouping. Figs. 4.20 to 4.23, illustrate the 

spectra obtained at different experimental conditions 

and arrangements. 

The alpha sources used for these measurements were, 

(Gv) ee source (5.48 MeV), in the form of an 

active disc 10mm diameter x 0.5mm thickness 

mounted in an aluminium holder and therefore 

having a wide energy spread. 

(2) A 2354 foil, with the 1.2% 2344 content of 

the deposit, providing 97% of the alpha 

activity(4.4 MeV). The 2354 deposit ( in the 

form of U30g) was 2.0 em in diameter and 

0.1 mg em™* thick deposited on a 5.00 em 

diameter and 0.15 mm thick platinum foil and 

therefore, providing a narrow energy spread. 

241 
Fig. 4.20, illustrates the Am spectrum using argon gas
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at 40 p.s.i. In this measurement, the gas cell walls had 

no reflecting layer deposited on them. An energy resolution 

of 45% was obtained. 

The gas cell walls were now coated with an aluminium 

layer deposited by vacuum evaporation. The alpha spectrum 

obtained is shown in Fig. 4.21. The pulse height has 

increased and the peak resolution improved to 32.5%. 

This is due to the contribution of the reflector to 

light collection efficiency and the light reflection 

efficiency of the detector. The surface reflectivity 

decreases with time as aluminium turns to aluminium 

oxide, requiring a renewal of the aluminium layer, prior 

to each measurement. Fig. 4.22 gives the spectrum 

235 
obtained from the U source and the alpha peak 

resolution is 28%. 

To investigate the effect of increasing gas cell 

Tie spectra were obtained at pressures pressure, four 2 

or 29p.s.i., 40p.8.i., 50p.s.i. and ‘60p.s.2, Pig. 4.23 

illustrates the variation of the pulse height with 

pressure. With the gas pressure above the value required 

to stop alpha particles within the cell, not only the 

pulse height increased but there was also a gradual 

improvement in the alpha peak resolution. This is 

accounted for by the increase in the light production 

efficiency with increase in pressure, and by a shift of 

the centroid of scintillation light production towards
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Big. A723 BON nn Spectra at various gas pressures.



the alpha source, affecting the light collection 

efficiency of the detector. 

Further spectra were obtained, detector with the gas 

cell filled from the molecular sieve vessel. Bigs, 24 

and 4.25 show the BS alpha spectra obtained at argon 

pressure of 50 p.s.i., with and without storage of gas 

in the molecular sieve vessel. The alpha peak resolution 

of the two spectra is approximately the same. The con- 

tribution of gas purification to an improvement of peak 

resolution is difficult to observe as the poor resolution 

may have been due to (a) the wide spread in energy of 

alpha particles from the thick 2M) km source. (b) the low 

detection efficieny of argon gas. 

Koch and Lesueur® 3) and Sayers and wut”? have 

commented upon the low scintillation efficiency of argon 

gas which limits the peak resolution to a value close to 

the one obtained in this work. 

Fig. 4.26 shows the 235 U alpha spectrum obtained 

with an 18 p.s.i. krypton gas cell filled direct from the 

gas cylinder; the alpha peak resolution is 12.8%. Koch & 

Lesueur suggest that relative scintillation efficiency 

of krypton is 2.25 times greater than argon. Nobles*>”? 

has measured the pulse heights from krypton and argon 

gases and found that the pulse height from krypton was 

3.6 times as great as that from argon. Fig. 4.27 shows 

235 
the U alpha spectrum obtained with the same gas cell, 

after an interval of 80 hours. There was a peak shift of
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54 keV and resolution degradation of about Outi 

indicating that the outgassing rate inside the gas cell 

was very low. 

However, there was no significant improvement in 

resolution when the gas cell is filled from the molecular 

Sieve storage vessel (Fig. 4.28). 

This limitation to energy resolution is thought 

to be mainly due to the combination of factors contri- 

buting to the overall detection efficiency of the detector 

and not solely to inefficient gas purification. The 

energy resolution improved by a factor nearly equal to 

the relative scintillation efficiencies of the two gases. 

Although this improvement in resolution may have been 

affected by a higher-gas purity in the case of krypton, a further 

improvement in detector resolution is probable by the use of xenon. 

4.1.6 On-line Detection of Charged Particles. 

The detector required a small modification to 

allow its use for the on-line detection of charged 

particles produced in (n,p) and (n,&) reactions. It is 

necessary for the walls of the gas cell to be lined with 

a polished metal foil which will act as a light reflector 

but will cut out charged particles produced by reactions 

in the cell walls. The choice of the metal foil was made 

by considering its reflectivity for light over the 

wavelength range 200-600 nm and from the requirement that 

the foil should have negligible (n,p) and (n,«) reaction
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cross-sections over the neutron energy range 2-6 MeV. 

The choice was from silver, platinum, gold, steel, 

aluminium and tantalum. Table 4.7 shows the reflectivity 

of these metals over a range of wavelengths which extends 

  

  

  

  

to the U.V. part of the spectrum, © 10° 

WAVELENGTH( nm) REFLECTIVITY (4) 

Al Ag Pt Ta Steel Au 
180 - 75.0 34.6 53.0 21.8 - 
200 - 77.0 38.0 56.0 27.0 - 
250 80.0 Bue 33.8 58.7 38.0 38.8 
300 - 10.0 39-7 69.1 43.7 31.8 
350 84.1 75.0 43.2 62.3 49.8 27.5 
400 85.0 85.0 47.5 68.7 - 2ouT 
450 87.0 91.0 54.7 11.0 53.2 33.1 
500 88.0 92.7 58.4 73.0 55.0 47.0 
550 = 92.7 61.1 79.6 56.1 74.0 
600 89.0 92.6 64.2 83.0 58.3 84.4 
650 91.0 94.7 66.5 88.0 59.0 88.9 
700 87.0 95.6 69.0 - 59.2 92.3   
  

Table 4.7 REFLECTION PROPERTIES OF SOME METALS. 

Aluminium, silver, gold and steel ( iron ) all have 

significant (n,p) and (n,&) cross-sections over the 

C74, 75, 76, 77 e Platinum 2-6 MeV energy range 

could not be selécted because of its high cost, leaving 

tantalum as the only suitable metal. The minimum thickness 

of tantalum foil required to stop 6 MeV protons is 0.122mm. 

( determined applying Bragg-Kleeman rule described earlier ) 

Consequently, the gas cell walls were lined with a 

tantalum foil 0.125 mm thick. The use of a polished 

tantalum foil, as a reflector, did not alter the detection 

efficiency of the detector. The 2354 alpha spectrum in 
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Fig. 4.29 is similar to that obtained with an evaporated 

aluminium reflector, Fig. 4.26 

An aluminium target was selected for a preliminary 

study of the on-line spectrum of protons produced in 

(n,p) reactions. Its advantage is that 271 has a natural 

abundance of 100%. Table 4.8, shows the reaction modes 

for aluminium and the maximum energy of the recoiling 

charged particle at various bombarding neutron energies 

ge 

An 80 p.s.i. krypton-filled gas cell was produced, 

incorporating a tantalum reflector and the e220 foil. 

This gas pressure was sufficient to stop protons up 

to 4 MeV within the gas cell volume. 

The neutrons were produced by the D(d,n) 3He peaotion 

using a deuterium gas target (already developed in the 

department) at Birmingham Radiation Centre 3MV Dynamitron 

Accelerator. Full details of the neutron source were 

given in Chapter 2. 

The 239 U alpha spectrum for this detector is given 

in Fig. 4.30(a), and this was used to provide an energy 

calibration for the system. The alpha peak resolution 

was 23% compared to 12% at 18 p.s.i. pressure. Figs.4.30 

(b) and (ec) show the response of the detector to the 

D(d,n)3He source, for the neutron energies around 4 MeV,
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and in the absence of aluminium target. 

With the 2354 foil replaced by a 25m 

aluminium foil, a similar spectrum was obtained Fig. 4.31 

(a). There was no indication of the 27 a1(n,o) or the 

2Tn1(n,p) peaks at 0.8 MeV and 2.0 MeV respectivély. 

The same result was observed at higher neutron energies, 

viz. 5.0 MeV and 6.0 MeV(Figs.4.31 (b) and (c)). 

The observed poor detector response proved to be due 

to a high gamma-sensitivity. Fig. 4.32 shows the 

spectrum obtained when a number of gamma sources were 

placed near to the gas cell and, from this result, 

the scintillation from Compton electrons mask the 

scintillation pulse arising from (n,«) and (n,p) events. 

The use of the gas scintillation detector to 

monitor heavy charged particles from the neutron-induced 

reactions, proved unsuccessful. The conclusions and 

predictions made by earlier mockerss 89177 He D for the 

gas scintillation detector to be insensitive to gamma 

radiation, did not stand up in the case of on-line 

detection of heavy charged particles. 

The use of surface barrier detector to monitor 

the charged particles from the (n,&) and (n,p) reactions 

is described in the following section.
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4,2 Measurements with a Surface Barrier Semiconductor 

Detector. 

Some useful features of semiconductor detectors 

were described in the last section. The ionization energy 

i.e. the energy expended by the charged particle to 

create one electron-hole pair, is mostly independent of 

both the energy and type of the charged particle and 

has much smaller value (% 3eV ) as compared to the case 

of a typical gas-filled detector (“30eV ). This 

provides greater number of charge carriers, thus leading 

to better energy resolution and signal to noise ratio. 

A number of workers ee Lh have demonstrated 

the convenience of silicon semiconductor detectors for 

studying neutron-induced reactions in silicon. Konijn 

and Lauber a) measured 2953 (n,x)? ome and 8ni(n,p)?°Co 

reaction cross-sections in the energy range 2.2 to 3.8 

MeV, using a surface barrier detector to record the 

charged particles. Lauber and Malmskog‘ 83 ) measured 

>t re(n,p)>tMn reaction cross-section. The half-lives of 

the reaction products from Evita p)2°co and 2 epetnyp) 21 Co 

reactions are 71 days and 300 days respectively and in the 

activation technique, although the measurement of the 

activity of the reaction products is not difficult, the 

statistical accuracy of the measurement will be poor. 

Get) Potenza, Ricamo and Rubbino obtained energy spectra 

of the charged particles produced in the (n,p) and (n,&)
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reactions in silicon, using silicon detectors as targets 

and measured the excitation functions for 265i (n,p)cAL 

and 2955 (not) 7 ome reactions in the energy range of 3.7 

to 5.5 MeV. 

YA Characteristics of the Surface Barrier Detector. 
  

The operational characteristics and the design 

configurations of the detector, used in this work, are 

described here. The detector was n-type, partially 

depleted, type BA-024-150-300 supplied by Ortece Fig. 

4.33 shows the actual dimensions of the detector and its 

specifications are given in Table 4.9. 

  

  
Active A 23.55mm. 
area L 
diameter.   

Microdot 

  

connector.     

Fig. 4.33 Dimensions of Surface barrier detector.
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Active area 150 mm? . 

Sensitive depth 300 am. 

Nominal resistivity 3600 Nem. 

Electrode thickness Gold: 40.0Arg. em7? 2 
Aluminium: 40.0 Alg, om? 

Alpha FWHM resolution 14.2 keV. 

Cua source;5.48MeV) 

Noise width 7.3 keV. 
  

Table 4.9 Surface Barrier Detector Specifications. 
  

A gold layer ( 40 Me om7? ) acts as a window to 

the incident particles. A nuclear particle entering the 

detector must pass through this window and an insensitive 

region and, in doing so, a certain amount of energy 

degradation takes place. This energy loss is significant 

and the effective thickness of the dead layer needs to 

be known. The dead layer thiginess of the detector 

concerned is 155nm of silicon equivalent and 100nm of which 

corresponds to energy loss of 4 keV for 1 MeV protons 

and 14 keV for 5 MeV alpha particles. 

The detector depletion region thickness ( Xo ) 

is proportional to the square root of the applied voltage 

for a given material of resistivity (Q ) 85 7 

oa [ene] Bro kiats Serena C2) 

where, x is expressed in cm. 0



e is in Lem. 

Vo: is the barrier height in absence of 

external voltage. 

Vee is the voltage applied externally to 

the junction. 

k, is a constant equal to 3.2 x 107? for the 

surface barrier device utilizing n-type 

silicon. 

The maximum detector bias of 125 volts would provide 

a depletion layer of 300 Mm, sufficient to stop 22 MeV 

alpha particles and 6 MeV protons, Fig. 434! 86 ) The 

pulse height from radiations that are fully stopped 

within the depletion layer rises with applied bias 

voltage. This is due to the increasing charge collection 

as the electronic field is increased and once this field 

is sufficiently high, the charge collection becomes 

nearly complete and the pulse height no longer changes 

with further increase in the detector bias voltage.Fig. 

4,35 shows the pulse height versus bias voltage 

characteristics for 5.48 MeV alpha particles from a 

thick 2mm source. For subsequent measurements, the 

detector was operated at 80 volts bias, neglecting the 

voltage drop across the pre-amp. load resistor, to create 

the depletion layer sufficient to stop protons and alpha 

particles from the (n,p) and (n,e&) reactions studied. 

Data has been published ( Ortee Ltd. ) on the
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integrated flux of charged particles, neutrons and gamma 

radiation,required to produce a significant deterioration 

in silicon surface barrier detector performance. This is 

reproduced in Table 4.10 for a detector irradiated on the 

gold entrance window. 

  

  

Radiation Fluence /(Ref.) Fluence.* 

Fast electrons 10'"cm-= 28 10 '3em72 

Protons 10'3 0 29 1019 0 

Alpha particles 10!!' 30,31 10? 0 

Fission 8 8 
fragments. 3x10" 32 10 ” 

Neutrons 3x10! 's 31533 1018 us 

Gamma radiation 10° R 33 = 
  

Table 4.10 Radiation damage in silicon detectors. 
  

In this work, the neutron flux incident on the 

detector was of the order of 10° neutrons em>@s7', 

much below the damage limit, and no pulse deterioration 

over the period of use was observed. 

  

*Fluence values supplied by Ortec Ltd., the manufacturer 

of the surface barrier detector used in this work.
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Meee Detection Efficiency. 

The absolute efficiency Gs ) of a counting system 

is defined as the number of recorded counts divided by 

the number of particles emitted by the source. 

The intrinsic efficiency Gas ) is equal to the 

number of useful recorded counts divided by the number 

of particles of interest actually striking the detector. 

The geometric efficiency ( Ge ) is determined by 

the fraction of emitted particles which actually strike 

the detector. 

The above three are related as: 

Ge fa Le ig & TIN. TRUE Acne CoS) 

In a surface barrier detector, for a particle to lose 

its energy completely, the sensitive depth must exceed 

the range of the particle and in such a case Gy is 

essentially 100%. 

It was essential to calculate the detector efficiency 

from the "geometry" defined by the experimental 

eonfiguration used in this work. The source and the 

detector were both circular, the latter of larger radius, 

and separated by a distance smaller than the radius of 

either. Their planes are perpendicular to the line 

through their centres.



out 

The techniques of various workers 0! , 88, 89) , 

were studied; the method of calculation given by Jarrey‘ 89 ) 

was most suitable. The "geometry" defined by the detector 

is the fraction of the total solid angle subtended by 

the detector as: 

@(é) = 27 un 

For a point source on the axis, this "geometry" can be 

expressed as: (Fig. 4.36) 

2 5 (1-cose) 

From Fig.4.36, the above equation can be written as 

G(G,) = & (g/d) = § (a?/D(D4z)) 

For a point source off the axis at distance , GCE) can 

be expanded in infinite series and each term of the 

series integrated separately. The simplest way is to 

utilize the fact that G(C) satisfies Laplace's 

equation. 

Therefore, it is possible to write for a point 

source off the axis: 

G(Ey) = G(E,) - 2%a?z/0%+ 15/32 Ca%y/09(22-8a®) + «2... Ona 

When the area of the source is too large to approximate 

it as a point, an average value Ge) of the geometry 

may be written as: b 

GE) = | ------- po o---- Ca Ors Ref ( 88 )



138 
 
 

“
S
N
O
I
L
V
U
N
D
I
A
N
O
D
 

U
Y
O
L
O
E
L
E
G
 

OL 
doOuNOS 

9€°h 
*3ta 

 
 

  

Y
O
L
O
g
L
a
C
    

g
o
u
n
o
s
 

 
   

 
 

 



139 

or G(€) = Sf oe bat 
b 

For the source to be circular, parallel and coaxial with 

the circular detector (sensitive area), equation 4.14 

can be integrated explicitly; 

2 
2 5 4 25/9 G,(€) = “2 }a°/D(D+2) - agra 22/D94+15/32 Ra Z/D 

° +15/32 4a°z/09(z?-aa")+.....6 pag 

Therefore, 

G,(E)=}a°/D(D+Z)-3/16a°Z/D°(b*) 

#5 /S2n°U/D (Ze-gae)( bi ese ae (4.15) 

From the experimental configurations: 

a = 0.69 em, detector radius. 

Db = 0-50" om, source radius. 

Z| = 10.43 em, detector to source distance. 

Dee (a?4z*)2 = 0.813 cm. 

Substituting these values in equation 4.15 

GCE) = 0,206 

For a detector count rate C from low geometry 

measurements, the 4% activity, A, can be determined 

from the relation:



  

  

CHAPTER 5 

THE MEASUREMENT OF (n,p) 

(nox) CROSS-—SECTIONS 

AND 
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CHAPTER 5. 

5.0 The Measurement of (n,p) and (n,&) Cross-ections. 

The neutron flux was measured as described in 

Chapter 3, whilst the methods employed to detect the 

charged particles from the neutron-induced reactions 

were described in Chapter 4. This Chapter describes 

the experimental method for the measurement of (n,p) 

and (n,&) cross-sections, and the treatment of the 

experimental data. 

Diet Experimental Arrangements. 

In the experimental area of the accelerator there 

was little material within several metres of the neutron 

source and the radiation detectors. Figs.5.1 (a) and (b) 

show the accelerator beam line, neutron source and the 

detectors. Three measurements were made for each neutron 

energy. The first run was used to give an accurate value 

for the neutron flux, with the fission counter placed 

2 em from the neutron source at 0 degree to the beam 

line. In the second and third runs, the surface barrier 

detector was placed 1 om .from the neutron source at 0 

degree to the beam direction. 

In the second run, the surface barrier detector was 

exposed to the neutrons with the sample placed between 

the detector and the neutron source. The detector and
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the sample were enclosed in a thin walled (thickness less 

than 1 mm) eylindrical aluminium chamber, which had a 

pure gold window of thickness 0.1 mm ( Fig.5.2 ). Gold 

does not produce any interfering charged particles as 

its (n,p) and (n,&X) reactions have thresharda > 

greater than 6 MeV. The sample under investigation was 

placed immediately behind the window, with a thin tantalum 

foil collimator ( 10 mm diameter ) between the sample 

and the detector. The chamber was continuously evacuated 

3 during the run, to a pressure of approximately 10 °mmHg. 

During the third run, the target sample was 

removed to enable a measurement of the reactions within 

the surface barrier detector. 

Although the three runs were performed for the same 

time duration and with similar experimental configurations, 

it was possible for the neutron flux to differ due to 

variations in the deuteron beam energy and flux. Conse- 

quently, a BF, long counter was used as a sub-standard 

to account for the neutron flux variation between the 

three runs. A DePangher long counter (91) was placed 

4 maway from the neutron source and also at 0 degree 

to the beam direction. This counter has a uniform 

response with neutron energy over the range selected 

for this work and is stable over long periods of time. 

The operating conditions were described in Chapter 3 for 

the fission counter and in Chapter 4, for the surface 

barrier detector.
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bez Estimation of the Neutron Flux 

The neutron flux ,, ; was determined from the 

equation: 

Gas 
238 

where, Re is the U fission count rate and ee is the 

neutron detection efficiency of the fission counter. The 

observed fission count rate for each neutron energy was 

obtained as described in Chapter 3, and corrected for 

fragment absorption and momentum effects. The absorption 

correction factor as determined by White 

for the 258 

(92 Y was 1.0171 

U foil with a mean fragment range of 7.5 mgem™* 

Table 5.1 shows the combined absorption correction and 

momentum correction factor applied to the observed fission 

counts for the 238 U foil. Other corrections, for dead 

time and alpha particle pile up, were negligible. 

  

  

    

NEUTRON ENERGY CORRECTION FACTOR 

(MeV) 

3.513 1.0120 

3.810 T0118 

4.080 TeOt ay 

4.351 TO Mity 

4.590 1.0114 

4.844 VO (ie: 

5.071 1.0111 

5.300 1.0110     

Table 5.1 Correction factors as applied to the 
  

observed fission counts in 
238



146 

The neutron detection efficiency of the foil is 

given by: 

(Eedogg = Ny] O39 * (Mo39 + U35 % Mass| 

where, (#o3¢ and (Boz5 are the isotopic abundances of 

238, and 235y respectively in the foil and their values, 

as supplied by the manufacturer are; 

(4) 538 = 99.995%, (8) 536 = 0.005%. 

5338 and 535 are the microscopic fission cross-sections at the 

relevant neutron energies. 

The data for T5338 and 05,. was obtained from 
2 235 

ENDF/B-IV ( most recent ) and is listed in Table 5.2. 

The interpolated data corresponding to measurements at 

specific energies is presented in Table 5.3. 

The uranium content Ny in equation 5.2 is the 

number of uranium nuclei in the layer of uranium deposited 

on the platinum backing of the foil. This number was 

determined experimentally by an alpha-assaying technique 

(92 ) The technique involved the described by White. 

measurement of alpha-activity ( dN/dt ) from the uranium 

content, using a solid state detector in a 21 geometry 

configuration. The alpha-activity is related to Ny 

through effective decay constant x as 
eff’ 

ON/Gt t= Pe Neu \Geewlle | annate. oe (5.3) 

The effective decay constant (r eft.) is represented as
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NEUTRON (Or £238 (Or £235 

ENERGY (MeV). (barns) (barns) 

Sie t 0.541 1.222 

3.5 0.554 1.183 

4.0 0.565 150 

4.5 0.563 1.120 

5.0 0.554 1.094 

Hee 0.559 1.084 

5.4 0.562 1.069 

52D 0.565 12059 

5.8 0.603 1,087 

6.0 0.661 1.160 

Table 5.2 ENDF/B Data for 238y ana 235y 

Fission Cross-sections.
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NEUTRON (Or 2238 | Op) 235 
ENERGY (MeV Ceres) (barns) 

3.513 0.554 1.184 

3.810 0.559 1.163 

4.080 0.565 1.155 

4.351 0.565 1.131 

4.590 0.563 W125 

4.841 0.560 1.103 

5.071 0.556 1 tds 

5.300 0.562 1.084 

  

Table 5.3 ENDF/B Data, Interpolated 

Cross-sections(Fission) Cross-sections(Fission) 
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dere - Doss x (B)o35 + ae x (4) zal 

Gob6st alee Kors 6 

where, Whe = we : ; 

3 

> 0.6931 
and = 

ab io Wa, eey 

The half-lives (1, )?3°u and (79°38 are given in 
2 

Table 546 93 with the uncertainties associated with 

  

  

  

them. 

ISOTOPE (Ty) UNCERTAINTY. 

235y Pak Se toc years + 2.8 % 

238. 9. 
U 4.5 x 10°years P1508           

Table oo Half-lives of Uranium Isotopes. 

The alpha count rate in 2J]J/-geometry was measured as 

4.25 + 0.007counts a), giving an alpha-activity for the 238), 

foil of 8.5 + 0.015 disintegrations per second. The 

uncertainty is to account for the statistical errors in 

counting, and absorption scattering of the alpha particles. 

The value for Nu determined as above was 

(1.7399 + 0:0257) x 10'® nucted. When subsituted in 

equation 5.2, with values of 0535 and 0538 the Ce >
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neutron detection efficiencies were determined. These 

are shown in Table 5.5 

The observed fission count rate was corrected for 

background neutrons and for neutrons scattered in the 

platinum backing of the uranium foil. 

The accelerator deutrons produce background neutrons 

from reactions in the gas target material, and from 

carbon deposits accumulated during deutron beam bombard- 

ment and loading of deuterium in the gas target beam 

stop. To determine this background eontribution, the 

measurement was made of the neutron flux from the gas 

cell without its deuterium gas filling. The contribution 

at each neutron energy point was estimated from a 

single measurement at 4.59 MeV ( deutron energy 1.6MeV). 

There was no correction for room-scattered (thermal) 

neutrons since these neutron energies are below the 

238 y(n Fr) threshold. The contribution due to thermal 

neutrons from 0.005% 235y content was negligible. 

The correction for neutrons scattered within the 

platinum foil was determined through calculations 

Suggested by Smith et. ai! a 

(6). 
and later applied by 

Jalil A scattering correction ( R ) is seatt 

written as:
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NEUTRON 

ENERGY (MeV) 

NEUTRON DETECTION EFFICIENCY ,Cf| 

( per unit fluence ) 

  

o-513 

3.810 

4.080 

4.351 

4.590 

4.844 

5.071 

5.300     

( 9.639 

( 9.736 

( 9.831 

( 9.830 

( 9.796 

( 9.743 

( 9.674 

{ 9.778 

ROUN2e ect On 

-0144y ) x 1077 

0145 ) x 1077 

.0145 ) x 1077 

0144 ) x 107% 

.0143 ) x 1077 

0142 ))x 107% 

0144 ) x 107%     

Table 5.5 Neutron Detection Efficiency.



Recatt Srp TP “p [' i. exp(- Ding te] 

«| - exp (- Zip 4,|> 

eeu woes C Bron) 

where, 5 
sp = macroscopic elastic scattering 

eross-section in platinum. 

ans = total macroscopic cross-section 

in platinum. 

ae = total macroscopic cross-section 

in 238y, 

ts = thickness of platinum foil (0.0125em) 

te = uranium deposit thickness 

deposit mass per unit area 

density of uranium 

= 1.05 x 10°> om 
( deposit mass = 0.2 mg om72 ) 

Bre = ' neutron path ' of the scattered 

neutrons in the uranium foil. 

The neutron path length was considered to be the same 

for all seattered neutrons as uranium deposit thickness 

was very small. The calculation also assumes an incident 

parallel neutron beam and isotropic neutron scattering. 

Values for Deve Zap and Zoe are listed in Table 5.6. 

The correction factor was determined from Revere 

as: : 1 
Correction Factor =   

and the values are given in Table 5.7.
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Dor 

  

  

NEUTRON ork 

ENERGY (MeV) 

32513 0.476 

3.810 0.456 

4.080 0.450 

4.351 0.437 

4.590 0.424 

4.841 0.410 

5.071 0.391 

5.300 0.371     

0.743 

0.748 

0.776 

0.801 

0.790 

0.817 

0.867 

0.859   

0.538 

0.524 

0.514 

0.507 

0.492 

0.477 

0.463 

0.451 

  

Table 5.6 Macroscopic Cross-section Data for 

Neutron Scattering Correction. eUL On BS avvering Vorkeeeton. 
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NEUTRON eee SCATTERING 

ENERGY (MeV) CORRECTION 

FACTOR. 

3-513 0.001031 0.99897 

3.810 - 001033 0.99896 

4.080 0.001070 0.99893 

5351 0.001104 0.99889 

4.590 0.001090 0.99891 

4.841 0.001128 0.99887 

5.074 0.001196 0.99880 

5.300 0.001184 0.99881 

  

Table 5.7 Neutron Seattering Correction Factor. 
  

 



155 

5.3 On-Line Measurement of Sample Reaction Rates. 

The effect of neutron-induced reactions in the 

silicon of the surface barrier detector must be eliminated 

from the spectrum obtained from the sample under investi- 

gation. The most abundant isotope in natural silicon 

is 2855 (Table 5.8), producing a background spectrum 

28 
from 2854 (n,ot) Mg and Si(n,p)?ea1 reactions. 

  

Q-value (MeV) 
  Isotope | Abundance(%) 

(n,p) reaction. (n,«) reaction. 
  

2854 92.17 -3.856 =2..655 

295i 4.71 -2.980 -0.036 

3985 ane -8.070 -4.213           
Table 5.8 Isotopic Abundance and Reaction Q-values of 
  

Natural Silicon. 

Accurate values of the charged particle energies 

were calculated from the relativistic kinematic 

equations for the appropriate reaction (Appendix 3 ). 

The 29si(n,p)@2Al reaction produces a spectrum in the 

Same energy range but the 2953 (n, ot)? OMe reaction produces 

a higher energy spectrum due to its low reaction Q-value. 

30 
Si reactions do not produce an interference spectrum 

in the neutron energy range 3 to 6 MeV. 

In the neutron energy range below 6 MeV, the study 

of silicon (n,p) and (n,&) reactions is quite difficult
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C 4, 84) due to the very small cross-section values and 

the statistical fluctuations in the decay of the excited 

states of the compound nucleus. A pulse height spectrum 

from the surface barrier silicon detector is reproduced 

in Fig. 5.3 and shows charged particle peaks corresponding 

to the ground and other excited states of 20ue, 25 

29 ny and 28a, nuclei. The level schemes of these product 

Me, 

nuclei are also shown. The emitted particle energies 

are given in Table 5.9. 

  

  

  

Reaction Peak Particle Energy 

(Mev) 

2953 (not) ?ome 1 5.16 

2933 (not, )° omg 2 4.42 

2854 (no)? °Me 3 aur5 

29si(n,p)?2a1 4 3.26 

285i (no)? Me 5 2.65 

eeci(a po Al 6 1.21 

    
Table 5.9 Charged Particle Energy for Silicon 

Reactions. 

The alpha particle energy from 295i(n, a) Me reaction 

(ground state), Fig.5.4, is of particular interest as it 

is comparable to proton energy from the "Ti (nap) (Se and 

2 nun py °Ce reactions described later. The alpha peak 

47. 58 
interferes with the proton peaks from Ti and Ni 

reactions.



 
 

  
5.3 MeV Neutron Energy            

29si(n,0G) 

  
 
 

“
S
I
N
N
0
9
 

5.0! NEUTRON 
NERGY (MeV) 1£   

 
 

  

PULSE HEIGHT SPECTRA FROM n+Si REACTIONS. 5.3 Fig.  
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Fist + oA = 39184 (Compound Nucleus) 

Level 
Energy    

     
En=4.59MeV : 

3.59 MeV 

2.94 MeV 

1.81 MeV 

-989 MeV 
-179 MeV 
-O49 MeV 

26y5 Product 
12 1 

Nucleus. XK 

es 

    

M
w
 

= 

qe Target 
Nucleus     
  

Fig. 5.4 Schematic °2si(n,et)?°mg reaction mode. 
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Dae) Titanium and Nickel Measurements. 
  

The titanium target was a natural titanium foil, 

20am thick. The elemental analysis of the sample, as 

supplied by Goodfellow Metals Ltd., is given in Table 

50. 

  

  

Element Content (4%) 

Titanium 99.9600 

Aluminium 0.0030 

Iron 0.0015 

Nickel 0.0005 

Manganese 0.0010 

Copper ) 

Chromium) 

Carbon ) Traces. 

Hydrogen ) 

Nitrogen )         

Table 5.10 Elemental Analysis of Natural Titanium. 

The impurity elements contribute to the measured 

Spectrum as most of them have (m,p) and (n,&) reaction 

thresholds between 3 and 6 MeV. An examination of these 

reactions, due to impurities, revealed that there were no 

interfering charged particle peaks with those from the 

titanium (n,p) and (n,&) reactions.
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Natural titanium consists of five stable isotopes; 

Table 5.11, lists their isotopie abundances and the 

  

  

  

4 
Gevalves? 39?) 6 the (n,p) and (n,&) reactions. 

Isotope Abundance (%) Q-value (MeV) 

(n,p) reaction] (n,e) reaction 

NOs 1.930 -1.586 -0.080 

NTp4 7.28 +0.183 +2.181 

1805 73.94 3.208 -2.032 

4905 5.51 24.223 +0.228 

20 ny 5.34 -6.100 -3.444             
Table 5.11 Isotopic Abundances and Reaction Q-values of 

Natural Titanium. 

The (n,&) reaction Q-values and thresholds give an 

indication of the possibility of alpha particle emission. 

No work has been reported for (n,&) reaction cross-sections 

for the titanium isotopes in the range 3 to 6 Mev ¢ 5» 6 

7+8). Data is available at 14 MeV for aoe and 50 

48 

Ti 

isotopes; the cross-section values are 23 mb for 

48 

TL 

Ti(n,ed) !2ca and 10 mb for ni (n,n) "ca. Hoste (96) 

has calculated the energies required by an alpha particle 

to overcome the coulomb barrier and the values are 

such that no alpha particle emission is possible for 

titanium at energies below 8 MeV.
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2°n i (n,p)>°Se threshold of 6.22 MeV is greater than 

the neutron energies available in this work. No data is 

available for the Ona (n,p) 9Se reaction cross-section 

between 3 to 6 MeV and no proton peak was observed for 

this reaction. The reported cross-section for the 

48 (5), 16, 68) Ti (nh, p) ose reaction is very small in the energy 

range of these measurements( 1.5 mb at 6 MeV). However, 

despite an isotopic abundance of 73.94%, the low proton 

energy made the reaction difficult to detect. The remaining 

two reactions, Torney Cae and aren (se, were studied 

and their cross-sections measured. 

The nickel sample was a 25 um thick foil, with the 

elemental analysis given in Table 5.12, and supplied by 

Goodfelllow Metals Ltd. 

  

  

Element Content (4%) 

Nickel 99.960 

Manganese 0.0025 

Iron 0.0010 

Cobalt 0.0020 

Copper ) 

Chromium ) Traces. 

Carbon )         
Table 5.12 Elemental Analysis of Natural Nickel. 
  

The isotopic abundances and the reaction Q-values for 

Ni(n,p) and Ni(n,e&) reactions are given in Table 5.13
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Isotope Abundance(%) Q-value(MeV) 

(n,p)reaction} (n,) reaction 

58. 
Ni 67.88 +0.399 +2.888 

60ns 26.23 -2.030 41,351 

Otng 1.19 -0.507 43.575 

624 3.66 -4.437 -0.429 

Ohns 1.08 -7.001 -         
  

Table 5.13 Isotopic Abundances and Reaction Q-values 

for Natural Nickel. 

Due . to. the high coulomb barrier for alpha particles, 

the only possible reactions over the neutron energy range 

5 3 to 6 MeV were Sui(n,p)°°Co, 60n 5 (n,p) Co and 

Oita) 0 ce. The reported cross-sections for the CnC ep) 

and Na (nap) reactions have very low values. The 

OlNitn,p)° Co reaction has a cross-section of 3 mb at 

4 MeV and the ratio of the (n,p) cross-sections of 58ns 

and Olns is reported as 60 to 1 by van Loer‘ oi a 

58 58 

6 

However, in this work, only the Ni(n,p Co cross-section 

was measured, since the protons from the Onin, p) and 

STN (nye) reactions could not be resolved and their was 

no peak observed as interfering with the proton peak 

58 58 
from the Ni(n,p)°°Co reaction.
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Typical charged particle spectra are presented in 

Figs. 5.5 to 5.7. The Fig. 5.5 shows the proton peak 

BOTs (asp) ose reaction at 4.59 MeV (curve a ) from the 

neutron energy. The contribution from silicon reactions 

is shown in curve b, with no indication of a charged 

particle peak. The direct subtraction of curve b from 

eurve a produced the resultant spectrum (curve c) for the 

tone Cay pt ose reaction. Fig. 5.6 is a similar presentation 

for the tay pase reaction, but with background peak 

due to the 2953 (n,0) Me reaction. The spectrum for the 

)>8c0 reaction is shown in Fig. 5.7. The proton 

58 

>8ns(nyp 

peak from Ni(n,p)2°Co reaction has a broad appearance. 

The compound nucleus is highly excited and the peak 

contains protons from transitions to the ground state 

and low lying excited states of 58c5, These states are 

very closely spaced(Fig. 5.8) and the emitted protons 

form a close energy grouping. 

The 46a (n,p)"8se reaction peak (Fig.5.5) also 

contains protons emitted from transitions to the ground 

state and first two excited states of 46s e. Due to very 

small difference in level energies, the emitted protons 

have energies differing only slightly.(Fig.5.9) 

The proton peak from Meet p) (Se reaction is a 

single peak resulting only from the transition to the 

AT se, ground state of Protons, from transitions to the 

excited states form separate peaks due to significant
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3eNi + gn = 

En=3.810MeV 

28Ni Target 
Nucleus 

  

32Ni (Compound Nucleus) 

   

      
     

Level Life 
Energy Time 

0.116MeV;10.2 s 
0.054MeV,9.15h 
0.024MeV,71.3d 

58 Co Product 
ef Nucleus 

Py = 4, 209MeV 
Po = 4,.185MeV 
P3 = 4.156MeV 

  

Fig. 5.8 Schematic >8yi(n,p)°°co reaction mode. 
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Ti(Compound Nucleus) 
oe a ey, 

22 

Level Life 
Energy Time 

0.280MeV, 200ps 
0.227MeV, 200ps 
0.142MeV, 18.78 
0.052MeV,9. 7als 

   
38se Product p,=3-004MeV 

Nucleus P5=2.962MeV 

Q{-1.586Mev) Baa: (itey 

46. 
ogi Target 

Nucleus   
  

Fig. 5.9 Schematic 4*T74(n,p)"°se reaction mode. 
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aot + gn z 3803 (Compound Nucleus) 

      

   

Level 

Level Life 
En=4.59MeV Energy Time 

   
   

   
Ge Target 0.807MeV, 0.2ns 

Nucleus 
0.767MeV,273ns 

aise Product Pi? 4.773MeV 
Nucleus Po = 4 ,006MeV 

Pac 3.966MeV     
  

: a bs 47 
Fig. 5.10 Schematic Ti(n,p) ‘Sc reaction mode.
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energy differences (Fig. 5.10). From the schematic reaction 

modes given in Figs. 5.8 to 5.10, it is evident that in 

p 28 58 46 the cases o Ni(n,p Co and Ti(n,p) ose reactions 

the proton emission from transitions to low lying states 

of >8o5 and 46.56 is more favoured, compared to transitions 

to their ground states. For the Tri (n,p)"'se reaction 

it is the opposite, in which the proton emission from 

transition to ground state has a priority. 

5.3.2 Peak Area Analysis. 

An analysis of the total-absorption peak determines 

the energy deposited by the radiation and the number of 

neutron interactions in the sample. Where there are no 

complications such as closely spaced or overlapping peaks, 

the peak area can be calculated from summation of digital 

data with linear interpolation between the continuum 

values on either or one side of the peak. The peak area 

zs een 98 ) 

B Cy + CR 
Peak area = Cc. - (B-A)—————. ........... (5.6) 

where A,B are limit points and Cay CR are counts at 

these points. However, this approach is unlikely to 

provide sufficient accuracy. 

A calculation of Gaussian parameters of the peak 

ean be performed by an iterative non-linear least-squares
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method. The least-square fitting is made by minimising 

the weighted sum of the squares:- 

2 N 2 

Nir = ele ¥y + vee | rir Mera el Bs (5.7) 
i=1 

where Y; are the measured values at channel X53 Ws are 

the weights associated with Ys 3 y(x,) are the predicted 

values from the function used to fit and N is the 

number of channels. 

( 99°) 
In a non-iterative procedure ,» the pulse 

height distribution around the peak channel is represented 

by a Gaussian function:- 

1 
2 Y¥(x) = Y, expl= Cx =x.) toe wore Die) 

2 oe e 

where, Yo is the peak height. 

Xo is the peak position. 

and O- , the standard deviation. 

Simple non-iterative methods have been Suseested 22> 100 ? 

in which application of equation 5.8. is made. The area 

under the peak is calculated from:- 

In the full-energy peak area analysis for the 

2 4 
Sra(n,p) ose and 934 (ner) ? Me reactions, a computer 

program was employed (Appendix 4), coded 'PROGRAM NEIB! Cone



2 

The program fits a Gaussian function to a specified 

number of channels. Figs. 5.11 and 5.12 demonstrate the 

Gaussian fit to the experimental data for 46n4(n,p) 1®se 

and 2954 (not) ome reactions. 

The peak analysis for NTo4(n,p) "se reaction 

required a different fitting program as the peak showed 

a marked deviation from a Gaussian curve on the high 

energy side. A non-linear least squares fitting program, 

"PROGRAM CBJJ4 rrr: (101 ) (appendix 5), was employed. This 

program will fit more than one Gaussian to a curve, if 

required,up to the necessary number of parameters in any 

functional form to the required number of data points. 

The proton peak for the NT 04 (n,p) 7 '8e reaction required 

two Gaussians with 6 parameters to produce the best fit 

to the experimental data points.(Fig. 5.13).The proton 

peak from the 58ni(n,p) eco reaction required three 

Gaussians with 9 parameters to fit about 150 data points. 

Fig. 5.14 shows the adequacy of this method,in which the 

58 
peak fit for the Ni(n,p)>°Co reaction is depicted. 

5.3.3 Calculation of Reaction Rates. 

The reaction rate, R , was determined from the 

relationship; 

Charged particle peak area 

R =  - 

GCE)
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where, G(&) is the 'geometric' detection efficiency of 

the surface barrier detector given in equation 4.16. 

For the experimental detector to source configuration 

(described in chapter 4), G(E) had a value 0.206. 

Corrections were applied for:- 

(a) the neutron flux attenuation and neutron scattering in the 

chamber gold window ( between sample and neutron source ). 

(b) the proton absorption in the titanium and nickel samples. 

(ce) charged particle energy loss in the dead layer of 

the surface barrier detector. 

The neutron flux attenuation in gold window was calculated 

from the equation: 

¢ = %, sts 

where, ¢ is the neutron flux after attenuation. 

$o> the incident neutron flux on the window. 

20 the total macroscopic cross-section for 

gold. 

toe the thickness of gold window (100 Am 

The neutron attenuation correction factors for different 

energies are listed in Table 5.14 

The correction for reaction rate counts in the 

sample produced by neutrons scattered from the gold 

window was determined by calculations similar to those 

made for the fission counts. Equation 5.5 was modified to
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NEUTRON ENERGY CORRECTION FACTOR 

(MeV) 

3.513 0.99985 

3.810 0.99983 

4.080 0.99973 

4.351 0.99969 

4.590 0.99961 

4.844 0.99958 

5.071 0.99964 

5.300 0.99967     
Table 5.14 Neutron Flux Attenuation in Gold 

Window. 
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Z sg 
TG 

R pee exp(Zrgt g) [; < ex0(-Zagt| 
scatt. > 

» €1-exp( -2ng-Ag) > 

where, 
ae See are macroscopic elastic scattering and 

total macroscopic cross-sections for gold foil of thick- 

ness uae Bs is the neutron path of scattered neutrons 

in the sample foil. The scattering correction factor was 

obtained from: 

1 

1+ R 
Correction Factor = 

seatt. 

Over the energy range 3 to 6 MeV this correction factor 

had a value of 0.99996. 

The possibility of a correction factor for proton 

absorption in the titanium and nickel samples was also 

considered. 

The geometric detection efficiency , G (€), of the 

surface barrier detector was determined in section 4.2.2 

and following from equation 4.16 (p.139) the reaction rate, 

R, for the protons emitted into the 4N-geometry was 

measured. 

The geometric configuration for sample to detector is, 

once again, depicted in Fig. 5.15. The geometric detection 

efficiency accounts only for the solid angle subtended by the 

detector on sample. Some protons may be absorbed in the
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sample. The path length of protons travelling towards the 

detector, varies from zero to a maximum of length BE, as 

shown in Fig. 5.15. This length is equal to 35.4 po for 

“the titanium sample and 44.25 pn for the nickel sample. 

In this work, protons of energy 2 MeV to 6 MeV are 

NO AT aS 46,47 emitted from the Se reactions and from 

58 

(n,p) 

the Ni(n see oes reaction, the proton energy range is 

from 3.9 MeV to 4.75 MeV. The proton range in titanium 

varies from 36.6 ppm for 2 MeV to 227 pm for 6 MeV protons. 

For nickel, the proton range varies from 60.6 pm for 3.9 MeV 

to 81.65 pm for 4.75 MeV. This suggests that all the protons 

emitted into the solid angle subtended by the detector 

have a range greater than the sample thicknesses and that 

there is no correction required for the the absorption of 

protons in the samples. However, the proton energy loss 

in the sample will contribute to a broadening of the proton 

energy peak measured by the detector. 

When heavy charged particles are detected with a 

surface barrier detector, some energy is lost in the window of the 

detector. The dead layer thickness of the detector used was 40 ps on™? 

of gold, which is equivalent to 155nm of silicon thickness. A 

thickness of 100nm of silicon equivalent corresponds to an energy loss 

of 4keV for 1MeV protons and 14keV for 5MeV alpha particles, ‘192)these 

data were applied to determine an energy loss correction 

factor for all charged particles. The value varied from 0.6% 

for 1MeV protons to 0.1% for 6MeV protons. For alpha particles 

the correction factor varied from 0.28% at 1MeV to 0.16% 

at 6 MeV.



  

  

CHAPTER 6 

EVALUATION OF (np) AND 

CROSS-SECTIONS 

(ne) 
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6.0 Evaluation of (n,p) and (n,%) Cross-sections. 

The (n,p) and (n,&) reaction rate, R [s""] can be 

related to the reaction cross-section and the neutron 

flux as: 

Rie =e Org, Avatar eect 0 ce: Bo a) 

where, O is the microscopic (n,p) or (n,&) reaction 

cross-section, ( em? ), 

, is the neutron flux in neutrons em@s7!, 

A is the area of the target sample, exposed to 

the incident flux, in em?. 

ts is the sample thickness in em. 

and n is the number of nuclei per unit volume. 

The equation (6.1) is for a parallel neutron beam, free 

from attenuation by the target nuclei and the self- 

shielding of these nuclei is assumed to be negligible. 

This equation can also be written as; 

Ry sa Or PiaN > atte ABC BEA) 

where, N) = (A.tg.n)and becomes the number of nuclei 

in the exposed sample. The values for N for the samples 

studied, are listed in Table 6.1. 

The reaction rate can also be written in terms of 

the macroscopic cross-section >
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SAMPLE NUMBER OF NUCLEI 

NOs 7.11 x 10'8 

NT a4 6.53 x 10° 

58 ny 1.22 x 102° 

2955 1.04 x 102°         

Table 6.1 Number of nuclei in samples. 

The attenuation of the neutron flux across the sample, 

thickness ts , is expressed as : 

g = penn. (la Sait ay) aly ye er 6 a) 

in which 2p the total macroscopic cross-section. 

and 4» the neutron flux incident upon sample. 

The reaction rate, for a parallel neutron beam, is 

written as: 

21 
To simulate the sample irradiation conditions 

through the program 'NPROFILE' ( Appendix 2 ), the 

reaction rate can be expressed by the equation; 

ro — f, [1 - con (54.8 >] Fa (628) 

where the weighting factor ,
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<exp (—2,.8)> = os “exp (2,5, , 

where, Si represents the neutron path length in the 

sample which is determined by; 

  

Sample pias) 

cos ¢ 

g is the angle between the neutron path and the direction 

of the incident deuteron beam, Nnist gives the number of 

neutron paths in the sample. 

Similarly, the neutron flux attenuation can be simulated 

through the equation; 

Go = 1B, Nees Sexb Ga ere Sp Dole (6.7) 

and in this case, the weighting factor is for the 

attenuation of the neutron flux by the platinum backing 

of the uranium deposit. 

N is the number of successful trials in 
F 

the uranium deposit. 

ae is the total macroscopic cross-section 

of the platinum backing. 

and b5 , the neutron path lengths in the platinum 

backing. 

From equations (6.6) and (6.7), 

z y Eo gery ( Senay | 

$, Pe Ne [ Zexp ( - Zyp.Sp Di
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From which, 

R exn neres ‘ yee Se as ee ye pe ee a er 
{1 -<exp ( -2,8)>} 

  

The'weighting'terms were determined using the program 

'NPROFILE'. 

6, was calculated from equation(5.1) using the 

fission counter, as described in Chapter 3. The reaction 

rate , R , was calculated as described in the previous 

Chapter. 

6.1 The Measured _ Cross-sections. 

The measured cross-sections for the eer itaep) ose. 

*T5(n,p) ''Se, >8nitn,p) Co and 2953 (n,n) OMe 

reactions are given in Tables 6.2 to 6.5. The reported 

data of other workers, measured in the same neutron 

energy range of 3.5 MeV to 5.5 MeV, is compared for 

each reaction in Figs. 6.1 to 6.4. 

Orin p) (ose reaction. 

The measured 4653 (n,p)#®se cross-sections show 

(6) 
general agreement with the recent data of Jalil 

me % Fig. 6.2). Another recent 

C0) 

and Smith et.al. 

measurement by Lu-Han Lin at 4.8 MeV is also in
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NEUTRON NEUTRON 

ENERGY Bestest CROSS-SECTION 

( MeV ) ( kev ) ( mb ) 

3.503 161 12.11 + 0.78 

3.810 155 22.87 + 1.49 

4.080 148 39.34 + 2.56 

4,351 136 38.41 + 2.49 

4.590 126 48.63 + 3.16 

4.840 120 63.79 + 4.15 

52071 120 67.47 = 4.38 

5.300 120 Bised a 5.28           

Table 6.2 Measured nani a) tose Cross-sections.
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NEUTRON NEUTRON 
ENERGY ae CROSS-SECTION 
( Mev ) ( kev ) ( mb ) 

3.513 161 54.30 + 3.26 

3.810 155 61.70 + 3.70 

4.080 148 69.40 + 4.16 

4.351 136 73.50 + 4.41 

4.590 126 76.60 + 4.59 

4.844 120 86.30 + 5.18 

5.071 120 81.70 + 4.90 

5.300 120 79.80 + 4.73 

47 Table 6.3 Measured Ti(n,p)" Se Cross~sections.
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NEUTRON NEUTRON 
ENERGY CROSS-SECTION 

Nene RESOLUTION 
( Mev ) ( keV ) ( mb ) 

3.513 161 266 + 15.96 

3.810 155 Boomer mio sc 

4.080 148 394 + 23,46 

4.351 136 Ni? 4% (25.02           

Table 6.4 Measured Na (np) oCe Cross-sections. 
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NEUTRON NEUTRON 
ENERGY Sere TON CROSS-SECTION 

( MeV ) ( keV ) ( mb ) 

3.513 161 3.61 + 0.32 

3.810 155 2.59 + 0.23 

4.080 148 VtS 400515 

4.351 136 2.52 + 0.23 

4.590 126 4.39 + 0.39 

4.841 120 3.40 + 0.31 

52071 120 2.42 + 0.22 

5.300 120 4.83 = 0.43         
Table 6.5 Measured 2953 (n,o) Me Cross-sections. 
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agreement with the present work. The measurements of 

Lu-Han Lin et.al. are relative to 27a (no) edna 

cross-sections, which are not accurately nowne a) 

Moreover, their measurement at 5.40 MeV differs 

significantly from most other values reported around 

this energy and the closest agreement is with a 

C70) 
measurement by Luckie and Carroll which is also 

y24 relative to 2711 (no Na. 

of) 
Measurements by Luckie and Carroll provide 

some data for comparasion in the region 4.5 to 6.0 MeV. 

Their results show fluctuations due to the use of 

different standards for neutron flux measurements and 

are systematically higher than present values. 

f Bay) Also there are two measurements by Ghorai et.al: 

in the neutron energy range of 3.5 to 5.5 MeV. Their 

data was obtained relative to 27a1(n,p)° Me cross-sections 

from the work of Grundi‘? ) there is some agreement with 

their data at 4.1 MeV, but their measurement at 5.0 MeV 

differs considerably from this work and that of Smith 

et. al., despite good agreement between the 27 a1 (n,p) 

cross-section values of Grundl and Smith et.al. 

Mrs np)! (Sa reaction. 

The agreement between the present "Te3 (nsp)" Se 

measurements and those of Jalil and Smith et.al. is 

good, considering the statistical fluctuations in the data.
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Generally, the data of Jalil is slightly higher whilst 

of Smith et.al. slightly lower than the present values. 

(8) 
The earlier measurements of Ghorai et.al. relative 

to 27a1(n,p)° Me, are systematically higher than the 

present work and that of Jalil and Smith et.al. The 

one measurement of Gonzalez pera i) yo at a neutron 

energy of 3.56 Mev, is also higher than the present 

nearest measurement at 3.513 MeV. Gonzalez et.al., 

measured the cross-section data relative to 31p(n,p)3'si 

reaction for which very little data was available. 

>8ni(n,p)?°co reaction. 

8x4 (n,p)>°Co reaction The measurements for the 

cross-sections were made at four neutron energies 

between 3.5 MeV and 4.5 MeV. Earlier evaluations made 

by Bresesti cae 103 ) showed the presence of a 

pronounced structure in this energy range ( preferably 

below 3.5 MeV ). This was supported by the measured data 

cy) 
of Konijn and Lauber which showed a pronounced 

resonance structure ( Fig. 6.3 ). 

Smith et. al. 5) made an extensive study of 

>8yi(n,p)?8co reaction between 2.85 MeV and 4.02 MeV, 

with a neutron energy resolution of the order of 40 keV. 

Their results are the most accurate to date and the 

excitation function varies smoothly showing no evidence
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for the pronounced resonance structure observed by 

Konijn and Lauber. Smith et.al. have commented that the 

data by Konijn and Lauber was obtained by means of proton 

detection using a silicon solid state detector, suggesting 

that the observed structure may be due to the measurement 

technique. 

( 13 ) The most recent data of Wu et.al. show 

some indication of structure between 3.4 and 3.8 MeV. 

These workers have claimed that these discrepancies are 

attributable to the standard cross-section data used 

and not to the presence of a pronounced structure in 

58 
the Ni(n,p)>°co eross-section. There is a good 

agreement between data of Wu et.al. and Paulson & Widera 

ae G The measurements of Paulson and Widera were 

made at much poorer energy resolutions and they concluded 

that neutron energy resolution had no appreciable 

effects on the excitation function of the 38a (n,p)°co 

reaction, in the energy range of 3 to 5 MeV. 

The data obtained in the present work show a 

close agreement with the data of Smith et.al. and 

C17 . However, further 58Ni(n,p) Co Barry et.al. 

measurements are possibly required, especially, in the 

3.0 to 4.0 MeV region, using activation and non- 

activation techniques and in much smaller steps of neutron 

energy. The extensive disagreement between different 

measurements and the suggestion of structure have not been 

adequately resolved.
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29 53 (net) > ome reaction. 

The background spectrum due to neutron-induced 

reactions in the silicon of the surface barrier detector 

contains an alpha particle peak from 29 54 (n,ot) “omg 

reaction ( ground state ) with alpha particle energy 

comparable to proton energy from the NT 04 (n,p)t'Se 

end oNi Ge)” Co reactions ( section 5.3 ).Measurement 

of this spectrum at each neutron energy made it convenient 

to study 2953 (nj)? ome reaction and determine the cross- 

section values for the reaction in the energy range 

3.5 to 5.5 Mev. 

There is limited reported data for comparasion 

with the present work. Potenza ebiat, 2)? studied the 

energy spectra of the charged particles produced in the 

(n,p) and (n,#)reactions in silicon, in the energy range 

3.7 to 5.5 MeV, using silicon detector as a target. The 

excitation function for 29 53 (net) “OMe reaction for 

transitions to the ground state of the product nucleus 

shows extensive fluctuations ( Fig. 6.4 ). This data 

is confirmed by the present work. The excitation function 

for the 2953 (nc)? ome reaction, obtained by Konijn and 

CH) Lauber for energies below 3.77 MeV, is also 

presented in Fig. 6.4.



6.2 Uncertainties. 

A summary of some contributing sources of 

uncertainty in the present measurements is presented 

in Table 6.6. 

For neutron flux measurements the major source 

238y(n,f) cross-section values, of uncertainty is in the 

whilst for the sample reaction rate measurements the 

detection efficiency produces the largest uncertainty 

contribution. 

For semiconductor detectors, the background rate 

is negligible for all charged particle measurements. 

The inherent radioactivity of the high-purity semi- 

conductor material itself is negligible for silicon 

detectors. As the detector area is small ( a few square 

em ) and’ the contact electrodes are extremely thin, 

there is little other material that can contribute 

background. The depletion layer of a silicon surface 

barrier detector is too small to develop significant 

pulses from low 'energy-range' radiations. 

The accuracies obtained for 4603 (n,p)t®se and 

"Tt 3(n,p) "Se reaction cross-sections are close to 

(6) S53) the measurements by Jalil and Smith et.al. 

and meet the 5 to 10% accuracy requirements of 

cross-section data requests.
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NEUTRON FLUX 
MEASUREMENTS. “©ri(n,p) “7ti(n,p) °ni(n,p) 298i (mye) 

Fission 
cross-sections. 

238 y(n, f) 

2354 (n,£) nO
 2.5 - 3% 27D ier 3h 2.5 — 3h 5 - 3% 

Uranium content. 

1h se 

Alpha-assay. 0.6% 0.6% 

Half-lives -Th Lace 

6% 0.6% ° 

Fission _ 
counting. 0.5% 0.5% 0.5% 0.5% 

Background 
neutrons. 0.5 - 1% Ober ik One 1h Ono — te 

Exposure 
geometry. 1.5% 1.5% 1.5% 1.5% 

SAMPLE 
REACTION RATE. 

Sample mass. 0.7% 0.7% 0.9% - 

Detection 
efficiency. 

Soild angle 
estimation. 

Distance 
measurements. 

) 
) 
) 4G 4D NG ae 
) 
) 

Counting 
statistics. 2.5% 1.5% 1.5% 7.5% 

Background 
neutrons. 0.5- 1% O0.5-1% 0.5 - 1% 0.5 - 1% 

Exposure 
geometry. 1.5% 1.5% (5% 2:55 

  

TOTAL 6.5% 6% 6% 9% 
  

  

Table 6.6 Sources of Uncertainty and their 

Contributions.
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The 6% accuracy obtained for the >8Ni(n, p) eco 

cross-section is in agreement with the work of Smith 

a. 5) C14) Cis and Paulson and Widera 

(3) 

The 

measurements of Wu et. al. and Paulson and Widera 

are relative to H(n,n)p reaction, known to have 

238, (AS, 01058) greater accuracy than n,f) cross-sections.
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LISTING OF PROGRAM PEAKFIT 1 

The program is written in BASIC. 

1@ REMARK PROGRAM PEAK FIT 
46 PRIHT "HOW MANY DATA POINTS" 

58 REAL 4 
68 DIM HONS. 4CN2. HCHO MOHD. OCH 

7a A= e 
3a B 
38 C 
35 FR 7 
1g D=' 

Ci To MN STEF 2 
148 BBD ActS. vet 
16@ NEXT I 
162 OPEN 1.4 
163 CMDL 
17@ FOR I=2 TO N-1 STEP 1 
199 L=I-1 
19@ M=I+1 
266 K=H-2 
218 HE DPSLOGCT KLIN > 
228 OCTISHCL A CLo+l eye? 
236 Oflp=1-0¢1) 
240 ASA CT O#0CT>D 

B=B+He 1)#0¢1> 

w
i
i
 

ul 
th

 
h
a
b
e
 

     
  

op 

PRINT "SIGMA 
bE REMARK RESIDUAl      
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458 PRINT "PERK HIGHT = "sU 
468 ARS, SOP HSH 
476 PRINT "PEAK AREA = " 

PRINT nae LIMITS 

  

   

        

PRINT 8oA 
525 NEXT § 
548 END 
668 REMARK SUBROUTINE FEAR HIGHT 

é Wok#D-A te 
; T IS ERROR IH SIGMA 

    

    

: (0.707146) 0 CEM. 5) 
656 REMARK @ IS ERROR IH P 

SSR CRAVED > 
6FO G=SORC CUED t2+CF#GE t2) t2> 
688 REMARK DETERMINE WEIGHTING 
635 2=6 
6s6é B=a 
696 FOR I=1 TO M STEP 1 
FOG VEOT2+C CACTI O-P) 129 #CT 1 
FIG WETQS1 PY CD +CCCRCTI-PD 
P26 WETd=14NC1> 

REMC TORCLOGCYCT 9 40 CCT 9-P) 12940 28S 1299 

  

   $12) 
2)#YO/S 14 

    PEAK HIGHT U 
F Pecd 
Es RETURH
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PROGRAM NPROFILE. 

The Monte Carlo Program NPROFILE determines; 

fie The deutron energy losses in the gas target neutron 

source, and in the nickel window. 

as Point of neutron creation in the source. 

3% Direction of neutron emission and the angle of 

emission to the deutron beam line. 

4, Conditions for the production of a neutron in the 

source. 

ae The neutron energy profile. 

Gc The sample irradiation geometry. 

Deutron Energy Losses. 

The deutron energy (ED) losses in the gas target 

window (ELW) and the gas itself (ELG) are determined using 

equation 2.3. 

(ELW) is constant with incident deutron energy 

whilst (ELG) depends upon the distance traversed in the 

gas prior to neutron creation. 

Point Of Neutron Creation. 

The neutron source is a cylinder 3 cm long and 

0.3 em in diameter. A two dimensional representation of
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the point of creation is adequate with position co- 

ordinates ( PL, R ). ( Fig. Al ). 

Direction Of Neutron Emission. 

The angle of neutron emission ( 6 ) lies in the 

range 0<@S% . This interval is divided into ( Ng ) 

parts corresponding to angles of emission 85 as; 

Crea NENG i): 

where, i= 1 to N, and each value of 8, is weighted 
6 

by: 

sin 6,(d0/dn). (E @.) 
Sy te 

sin 8; accounts for the solid angle and d@-/ df. (Ey,8;) 

is the differential cross-section for neutron emission. 

E the deutron energy after losses. The probability @ 

for neutron emission at angle oe, ist 

sin 6, d6/da(E,,0,) 
  Pt@,) = 

* N 
8 s 
= sin 0, 407d. (E,,0,). 

Production Of a Neutron. 

The maximum possible value of the angle of emission 

(%) for a neutron to intercept the sample is given by
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A 

Cot aPb STs) 
tans) y-   

ST, being the distance between neutron source and’ 

the sample. 

A is given by 

1 

Ry deus Recos 6m et a Re coe o Re =uRG es 

Rs; is the sample radius. 

If @x% , the neutron hits the sample and the program 

proceeds to determine the neutron energy. 

Neutron Energy Profile. 

The neutron energy, E, is determined from the 

relativistic equation: 

  

m (m +m_) 
EB = Egmgm, | 2 00s"6+ x B = feveg + (1-5/0, 

  + 2 cos © eos 6) oe = {ove + (1- ca 

ce where, ne is the mass of the target nucleus ( 1 

m_ is the mass of a neutron. 

m, is the mass of the residual nucleus (xe) 

Q, the Q-value for #H(d,n)3He reaction. 

The mean neutron energy is determined using: 

N,. 
1 hist. 

Been ee < hist. a 3 8, 

j=1 J
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Sample _ Irradiation 

The neutron path length, » is given by 

S Sample thickness ( t, ) 

cos g 

where, $ is the angle between the neutron path and 

  

the direction of the incident deutron beam. This equation 

is applicable both to sample and the fission foil. 

RELEVANT SYMBOLS USED IN LISTING THE PROGRAM. 

ED = incident deutron energy ( MeV ). 

ELW = energy loss in the gas target window. 

ELG = energy loss in the gas. 

BEAMD = beam diameter. 

TL = neutron source length. 

SAMPR = sample radius. 

ST = source to sample distance. 

DIFX = differential cross-section. 
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Listing of NPROFILE. 

The program is written in FORTRAN. 

MASTER NPROFILE 
DIMENSION DIFX(36),W(30) 

10 FORMAT(36F0.0) 
READ(1,10)BEAMD, TL, SAMPR, ST 

70 READ(1,10)ED 
IF(ED.LT.0.0)GO TO 80 
READ( 1,10) (DIFX(I), I=1, 36) 
ELW=(13.44/ED)*(ALOG(ED/56.0)+5.1)*0.02739 
EDG=ED-ELW 
ELG=(0.48/EDG)*(ALOG(EDG*0.5)+4.7)*0.01613 
PO=2.0+5.97286* (3. 26893/EDG+0. 33214) 
RO=2.0*(1.04+5.97286* (3.26893/EDG+0. 33214) )*#0.5 
ENMX=EDG*0. 12545*(PO+RO) 
SSTTI=0.0 
DO 20 I=1,36 
F=l 
TTI=0.0872665*(F-0.5) 
STTI=(SIN(TTI))*DIFX(I) 

20 SSTTI=SSTTI+STTI 
ENMX= IF IX (ENMX*100.0+0.5) 
ENMX=ENMX/100.0 
WLOST=0.0 
RB=BEAMD*0.5 
DO 30 I=1,30 

30 W(I)=0.0 
DO 100 N=1,20000 
DETERMINE POSITION AT WHICH NEUTRON IS PRODUCED 
ALONG LENGTH OF TARGET 
RN=GO5CAF(Y) 
PL=TL*RN 
DETERMINE POSITION R, ALONG BEAM RADIUS. 
RN=GO5CAF(Y) 
R=RB*RN 
WT=2.0*RN 
DETERMINE DIRECTION OF EMISSION, PHI 
ALONG BEAM CONE 
RN=GO5CAF(Y) 
PHI=(1.0+RN)*3.1415927 
DETERMINE MAXIMUM ANGLE,ALPHA,AT WHICH 
NEUTRONS INTERCEPT THE SAMPLE 
A=R*COS(PHI)+(R**2*(COS( PHI) )**2+SAMPR**2-R*#2) ##0 5 
ALFA=ATAN(A/(TL-PL+ST) ) 
DETERMINE ANGLE OF EMISSIONTT, WEIGHTED 
BY THE DIFFERENTIAL CROSS-SECTION AND SOLID ANGLE 
RN=GO5CAF(Y)
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YTTI=0.0 
I=0 

40 I=1e1 
F=I 
TTI=0.0872665*(F-0.5) 
IF(TTI.GT.ALFA)GO TO 50 
PTTI=((SIN(TTI))*DIFX(I))/SSTTI 
YTTISYTTI+PTTI 

WT=WT/COS(TTI) 
IF(RN.GTYTTI)GO TO 40 
RN=GO5CAF(Y) 
TT=(F-RN)*(0.0872665) 
COMPUTE NEUTRON ENERGY 
EDL=EDG-ELG*PL 
V1=2.0*(COS(TT) )**2+5.97286*(3.26983/EDL+0. 33214) 
V2=2.0*COS(TT)*((COS(TT) )**2+5.97286*(3.26893/EDL+0.33214))* 
EN=EDL*0.12545*(V1+V2) 
H=(ENMX-EN)/0.02 
IsIFIX(H+0.5) 
IF(T.UT.1) 121 
W(I)=W(1)+WT 
GO TO 100 

50 WLOST=WLOST+WT 
K=(N/100)*100 
IF(K-N) 100,99, 100 

99 WRITE(2,400)N 
400 FORMAT(1H ,15) 
100 CONTINUE 

WRITE(2, 200) 
200 FORMAT(1H ,15HNEUTRON PROFILE) 

DO 60 I=1,30 
F=I 
ENP=ENMX+0.01-F*0.02 

60 WRITE(2,300)ENP,W(I) 
300 FORMAT(1H ,2F10.2) 

GO TO 70



a
a
a
 

80 

81 
82 

1S 

90 

105 

THIS SECTION OF THE PROGRAM CORRECTS FOR THE 
IRRADIATION GEOMETRY. 

DETERMINE THE NUMBER OF SUCCESSFUL TRIALS IN 
EACH SAMPLE AND THE CORRESPONDING MONTE CARLO 
AVERAGED ATTENUATION FACTORS 
D=A/TAN(TT)-(ST+TL-PL) 
IF(D.LT.WB)GO TO 70 
ETA=SAMPT/COS(TT) 
ETAF=TF/COS(TT) 
ETAB=TB/COS(TT) 
WEN=ETA*EN 
SWEN=SWEN+ETA 
SETA=SETA+ETA 
N1=N1+1 
N2=N2+1 
NB=NB+1 
NF=NF+1 
Y=(SIGTS*ETA)/4.0 
F1=EXP(-Y) 
F2=F1 
F3=F1 
FF=EXP(-SIGTF*ETAF) 
FB=EXP(-ETAB*SIGTB) 
SF1=SF1+F1 
SF2=SF2+F2 
SFB=SFB+FB 
SFF=SFF+FF 
GO TO 160 
IF(D.LT.W4)GO TO 71 
ETA=SAMPT/COS(TT) 
GO TO 71 
ETA=D/COS(TT) 
WEN=ETA*EN 
SWEN=SWEN+WEN 
SETA=SETA+ETA 
B=W1/COS(TT) 
IF(D.GT.W4)GO TO 75 
IF=(D.GT.W3)GO TO 90 
IF=(D.GTW2)GO TO 91 
GO TO 110 
NB=NB+1 
ETAB=(D-W4)/COS(TT) 
FB=EXP(-SIGTB*ETAB) 
SFB=SFB+FB 
GO TO 115 
N4=N441 
ETA=(D-W3)/COS(TT) 
F4=EXP(-SIGTS*ETA) 
SFY=SFU+F4 
GO To! 120 
LOST=LOST+1



160 

170 

190 

210 

220 

230 

240 

250 

CONTINUE 
XN1=N1 
XN2=N2 
XNB=NB 
XNF=NF 
AF 1=SF1/XN1 
AF2=SF2/XN2 
AFB=SFB/XNB 
AVEN=SWEN/SETA 
WRITE(2,170) 
FORMAT( 1H, 2X, 1HN,4X, 4HLOST, 5X, 2HN1,5X, 2HN2, 5X 
2HN, 5X, 2HNF) 
WRITE(2,180)N,LOST,N1,N2,NB,NF 
FORMAT(1H,15,717//) 
WRITE(2,190)AVEN 
FORMAT(1H,4HMEAN ENERGY=F4.3,1X, 1HMEV/) 
WRITE(2, 200) 
FORMAT( 6F8.4///) 
WRITE(2, 200) 
FORMAT(1H, 15HNEUTRON PROFILE//) 
DO 250 I=1,30 
F=1 
ENP(1I)=(ENMX+0.010)-(F*0.02) 
WRITE(2,230)ENP(I),L(I) 
FORMAT( 1H, F7.3,16) 
CONTINUE 
STOP 
END



  PS # 
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Charged Particle Emission. 

A nuclear reaction can be described as a two stage 

process in terms of a compound nucleus; 

xX + a = Cc = yi + b 

in which the compound nucleus c* is formed by the amal- 

gamation of an incident particle a with target nucleus 

X. In the capture process, the break up of c* may 

result in the release of a photon; in other cases particle 

emission may occur. 

The single-stage representation of this process 

is the'direct interaction', which may be envisaged by 

the potential well model leading to the same reaction 

products; 

Bohr's compound nucleus model suggests that for incident 

particles below 10 MeV, charged particle release from the 

compound nucleus is more favoured. Above this energy, 

the characteristics of reaction are better described 

by the direct interaction in which the first event is 

a collision between the incident particle and a nucleus. 

The struck nucleon may emerge from the nucleus without 

the formation of a compound nucleus. The momentum of
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particle a tends to be transfered directly to b, in 

eontrast to two-stage process where the momentum is 

conveyed in the first instance to the compound nucleus. 

March and Morton‘104) studied the proton emission 

in reactions of fast neutrons with medium weight nuclei. 

The probability of the emission of a particle b with 

energy between E and E+d€ is determined jointly by 

(a) the energy Ce 

and (b) the level density (8) in the product 

nucleus Y to which it corresponds. This can be represented 

asi- 

T(E) 6 X EOE) a 

The emitted particle spectrum falls off at both 

high and low energies. For nuclei with atomic mass number 

around 50 and for a proton energy range 2 to 10 MeV, the 

spectrum shows a continous appearance, suggesting that 

the outgoing particles ( protons ) are products of a 

highly excited nucleus. This can also be expressed in terms 

of the level density of the product nucleus Y, at its 

maximum excitation. 

The resulting spectrum may contain charged particles 

corresponding to the transitions from the excited 

compound nucleus to the ground and first a few low- 

lying excited states of the product nucleus. Consequently, 

the information about the low-lying states of the product
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nucleus is essential as the energies of these states 

determine the energy of the emitted particle. 

The energy of the emitted charged particle (Ee) 

ean be estimated from, 

Heyes 5) (ERO) UBae 

where, En is the neutron energy (incident particle) 

in MeV. 

Q, the reaction Q-value in MeV. 

and Ely, the excited state energy of the residual 

nucleus in MeV. 

The above equation does not provide an accurate value 

for the emitted particle energy; this can be obtained from 

relativistic kinematics equation:- 

  

1 1 ( Be )? = (My Me )#/(MptM,) . ( By )# cos 8, 

MM MM, M 
+ wa Ey cos” B.+ tz 9 

(Mp + M,) MpeM, Mp+M, 

( 78) 
The atomic values of Wapstra and Bos were used. 

The other symbols used have their usual meanings.
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0001 
aa02 
a0a3 
aga4 
4005 
2006 
0007 
a0a8 
3009 
6010 
oalt 
a012 
aO1s 
0014 
aa15 
0816 
8017 
0018 

9019 
8020 
aoe. 
ad22 
8623 
0024 
8825 
0026 
4027 
aa2e8 
a029 

8030 
9931 
9032 
9033 
0034 
6035 
G36 
0037 
8038 
8039 
9240 
0041 
0042 
8043 
8044 
8045 
0246 
2047 
0048 
8849 
®052 
8351 
0a52 
8053 
9054 
8055 
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Listing of program NEIB. 

The program is in FORTRAN 

FIN,L 

P
O
N
 
N
N
M
N
 

A
N
A
M
 

oO
AN
AA
AN
M 

o
n
0
0
 

PROGRAM NEIB 

NEIB FITS A GAUSSIAN TO A SPECIFIED NUMBER UF 
CHANNELS, IP CHANNELS ON EACH SIDE OF THE PEAK 
ARE USED IN COMPUTING THE STRAIGHT LINE APPROXINATIUN 
TO BACKGROUND, IP CHANNELS AT THE HIGH ENERGY 
END ARE USED TO DETERMINE THE ALTERNATIVE CIP =vE) 
CONSTANT BACKGROUND, IF IP EQUALS ZERQ NO BACKGROUAL 
SUBTRACTION IS PERFORMED, CALLEO FROM 54868 STATION £ 

RTE, NEIB,HWCYY, IP, XXX 

WHERE WHCYY IS THE REGION TO WHICH THE PEAK IS 
FITTED AND XXX IS TOTAL NUMBER OF CHANNELS IN 
SPECTRUM (E,G,1024) 

REAL MU 
INTEGER DAT 
DIMENSION DAT(1024),xX(1024),¥(256),IPR(5),A4(3,3), 

VAINYV (9) ,20256) ,BETA(3) ,DY (256) .02 (256), 4GEND (256) 
2,M8G1(7) »MSG2(9) ,MSG3 (8) ,MSG4(10) ,MSG5(3) M566 (4) 
DIMENSION MSG7(19),MSG3(23) 
COMMON JJJ 
DATA MSG2/2HSI,2HGM,2HA®,2H ,2H 42H ,2H ,2H ,2H 
L,MSG1/2HAS,2H 42H ,2H ,2H 42H 42H / 
DATA MSGS/2HMU,2Hs ,2H ,2H ,2H ,2H ,2H ,2H / 
DATA MSG4/2HCH,2HI ,2HSQ,2H.5,2H 42H 42H 42H 42H 
DATA MSGS/2HER,2HRO,2HR / 
DATA mMSG6/2HPR,2HOG,2H E,2HND/ 
DATA MSG7/2HIN,2HPU,2HT ,2HER,24RO,2HR=,2HCA,24N ,2HO 

L2HLY,2H Fe@hHIT,2H T,2HO ,2H25,2H6 ,2HPO,2HIN, 2HTS/ 
DATA MSG8/2HIN,2HPU,2HT ,2HER,2HRO,2HR ,2HLA, HST, 2H 

22HAR,2HAM,2HET,2HER,2H C,2HANs2HNO,2HT ,2HEX, @HCE,2hD 
32H 1,2Hg2,2H4 / j 
CALL RMPARCIPR) 
CALL ROINTCIPR,DAT) 
JAJaIPR(2) 
IF (JAU,GT.256) GO TO 2 
GO TO 4 

2 CALL WRERR(MSG7,38,IPR(1)) 
GO TO 76 

4 JJSIPR(S) 
JJJat 
IF (IPR(5).GT,1824) GO TO 19 
GO yO 11 

10 CALL WRERR(4SG8,46,I1PR(1)) 
GO TO 76 

11 IFCIPR(4).LT.2) GO TO 6a 
IFCIPR(4).E9,0) GO TO 99 

ASSUME LINEAR BACKGROUND 

OBTAIN FRONT END BACKGROUND



2056 
2057 
3058 

Ba59 
a060 
084 

0062 
ag6s 
82064 

0065 
8066 
3087 
8068 
2069 
0070 
0071 
6072 

273 
8074 
0075 
8076 
0077 
0078 
2079 
0080 
2081 
8082 
2083 
2284 
2085 
0086 
2087 
088 
289 
2090 
O291 

8092 
8093 
0094 

2295 
2096 
8097 
9098 
@299 

81282 

8121 
8102 
9123 
gina 
145 
81206 
3167 
2108 

2109 
aiig 

a
n
o
 

a
n
o
 

a
0
0
 

o
2
n
2
2
0
 

2
0
0
 

a
n
a
 

IP=IPR(4) 
SUM1=0.0 
OO 5 [s1,IP 

5S SUML=SUM1+*DAT(TI) 
YLsSuMi/IP 
XyaIP/2 

OBTAIN BACK END BACKGROUND 

SUM2"0,9 
DO 6 Jaj,IP 

6 SUM2ZESUM2#DAT (JAJmI+1) 
Y2esum2/IP 
X2aJATwIP/2 

OBTAIN STRAIGHT LINE COEFFICIENTS 

Yacx +k 

Cecyi~¥2)/ (X1"xX2) 
K2CYLex2-Y2Rx1) /(X2=xX1) 

SUBTRACT BACKGROUND 

DO 7 TaiP,JAJnIP 
Yacul+k 
DATCI) BDAT(L)=Y 

7 IFCOATC(I) ob 1.8) DAT(I) 21 

FIT GAUSSIAN 

OO 4 Imy,JAJo2uIP 
X(1) SFLOAT(I) *5,0 
Y(I) FLOAT CDATCIP+1)) 
DYCI) sSQRTC(Y(I)) 

1 CONTINUE 
JAJBIAJo2eIP 
JJaJJ+IP 
GO TO 70 

ASSUME CONSTANT BACKGROUND 

60 IPIaeIPR(4) 
SMS=0,0 
DO 62 IRJAJ,JAUmIPI +1, =1 

62 SMSSMS+*DAT (I) 
ISMS=IFIX(SMS/IPI) 

SUBTRACT BACKGROUND 

DO 63 Iai,JAJ@IPI 
DAT(I) 2DATCI)=ISMS 

63 IFCDAT(I) «LT.@) DAT(I) #1 
DO 64 Tai,JAJmIPI



a1iy X(I) SFLOAT (I) *5,0 
ait2 YCI) SFLATCDAT(I)) 
113 64 DY(T)asaRT(yY(I)) 
aiid JAJaJAJ=IPI 
@11s GO TO 74 

116 6C 
@117, CC NO BACKGRUUND SUBTRACTION 
911s oC 
O119 90 DO 91 Tai, JAJ 
a120 X(I)SFLOAT(I) 45.0 
Q124 ¥(I)SFLUATCDAT(I)) 
a122 91 DY(I)asaRT(y(l)) 
ai23 oC 
a124 70 CALL GAUSS(JJ/X,Y¥,DY,A1,SIGe/MUy, JAS, SUM) 

a125 C : 
0126 IF(JJJ,NE.1) GO TU 77 
0127 Go To 78 
ares 77 CALL WRERR(MSG5,6,IPR(1)) 

* 0129 GO TO 76 
a13a 6C 
0131 78 MURMU@14+0.5 
a132 C : 
0133 C ADD 0,5 TO ABOVE TO GIVE POSITION RELATIVE TOG CHANNEL & 
0134 C «1 GIVES POSITION OF MU RELATIVE TO BASE CHANNEL @.& Bb 
@135 Cc AS A RESULT OF ADC SHIFT 

0136 C 
0137 CALL FTOA(AL,MSG1(7),12,5) 
8138 CALL WRERR(MSG1,14,IPR) 
B139 CALL FTOA(SIG,MSG2(9),12,5) 
0142 CALL WRERR(MSG2,18,IPR) 
0141 CALL FTOA(MU,MSG3(8),12,5) 
9142 CALL WRERR(MSG3,16,IPR) 
O143 CALL: FTOA(SUM,MSG4(19),12,5) 

0144 CALL WRERR(MSG4,20,IPR) 

9145 MUSMU+t 
8146 IXLSINT(MU=4,0xSIG) 
0147 IX2aINT(4U44.0*SIG) 
0148 BLEAL/ (SIGHSORT (2,.043.141593)) 
8149 SI2s2eS1Gxx2 
8150 DO 3 I#1,IPR(5) 
151 X(I) #FLOATCI) 
0152 DAT(I) 29 
O15 IFCI,LEs LX2eAND,I,GE.IX1) SO TO 66 

154 GO TO 3 
0155 66 IFCIPR(4).LT.9) IS#ISMS 
8156 IFCIPR(4) eGT.8) ISSIFIX(CeCX CI) sIPR(3))+K) 
0157 IFCIPR(4),&Q.2) 1820 
@156 DATCI)SIFIX(BL¥*EXP(@CX C(I) =MU) e*2/S12)) 41S 
6159 IFCDATCI) «LT.8) DAT(I) 29 
0169 3 CONTINUE 
0164 8Q IPR(4)SIPR(5) 
8162 IPR(S) SIPR(S) 
0163 CALL WRINTCIPR,DAT) 
0184 76 CALL WRERR(MSG6,8,IPR(1)) 
8165 END



2166 
0167 
2168 
2169 
21790 
171 
172 
0173 
174 
0175 
2176 
a177 
0178 
0179 
2189 
181 
0182 
183 
0184 
9185 
0186 
0187 
0188 
a189 
a190 
8191 
3192 
2193 
0194 
0195 
0196 
0197 
3198 
3199 
2200 
0201 
2202 
3293 
0204 
2205 
2206 
2207 
3208 
2209 
2210 
211 
212 
9213 
3214 
0215 
9246 
2217 
2218 
a2i9 
3220 

e
n
a
n
o
 

201 

16 

15 

18 

19 

23 
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SUBROUTINE GAUSS (JJ,X,Y,0Y,AL,+SIG,mU,JAJ,SUM) 
REAL MU 
DIMENSION X(256),¥(256),A4(3,3) ,AINV(9),2(256), 

1BETA(3) , DY (256) ,02 (256) ,AGEMO (256) 
COMMON JJJ 

PROGRAM TO FIT A GAUSSIAN TO A GIVEN 
SET OF POINTS USING A MATRIX INVERSION 
TECHNIQUE. N@ IS THE NUMBER OF POINTS 

NasJAJ 

OO 221 J81,N@ 
OZ(J)BCDY(J)/Y (J) ) x2 
00 16 J#1,N@ 
AGEMC(J)2#1,0/0Z (J) 

$150.0 
$222,2 
$329.0 
$433,0 
$850.0 

00 15 J=1,NO 
S$12S1+X (J) *AGEMO (J) 
S$2=S2+AGEMO(J) xX (J) x*2 
SSaS3+AGEMO(J) xX (J) xad 
$4284 +AGEMO (J) WX (J) wad 
$82S8+AGEMO (J) 

CONTINUE 

AC1,1) 288 
A(4,2) 282 
ACt,3)8S1 
A(2,1) #82 
A(2,2)=84 
A(2,3) 853 
A(3,1) 581 
A(3,2)383 
A(3,3) 282 

CALL INVRTCA,AINV) 

TFCJJJ,NE.L) RETURN 
00 18 J#1,Na 
IFCY(J) eLE.@) YJ) 21,2 
Z(J) SALOG CY (J)) 

$522.0 
$623.2 
$722.2 

DO 19 J31,N0 
§52S5+Z(J) *AGENO (J) 
$6385 +Z (J) *AGEMO (J) 4X (5) ae 
$7287 +Z(J) *AGEMO (J) #xX (2) 

CONTINUE 
DO 23 J®1,3 
BETA( J) SAINV (J) HSStAINV (J43) RSGHAINV (S46) ¥57 

CONTINUE 
TF (BETA(2).GT.8,0) GO TO 21



0221 
0222 
223 
0224 
225 
a226 
0227 
0228 
229 
0230 
234 
2232 
2233 
2234 
2235 
0236 
0237 
0238 
239 
0240 
0244 
9242 
2243 
0244 
0245 
0246 
0247 

0248 
8249 
0250 
o251 
0252 
0255 
0254 
6258 
0256 
0257 
0258 
‘a259 
0260 
9261 
0262 
8263 
0264 
0265 
0266 
9267 
G268 
a269 
0279 
0274 

n
o
n
 

a
a
n
 

at 

30 
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ZZSBETA(1)=BETA(3) e42/(4,0%BETAC2)) 
TF (ZZ eGT o85.9,0ReZZeLT.964.9) GO TO 21 
ALZEXP (ZZ) wSQRT (~3.141593/BETA(2)) 
SIGsSQRT (=1,0/(2,U*BETA(2))) 
MUBBETA(S) wSIGHe2 
AL®AL/5,9 
SIG%SIG/5.0 
MUSMU/5, A+dd 
DO 3 I#1,NO 
X(T) 8X (1) 754d 

FIT A CURVE USING THE PARAMETERS A1,SIG AND NY 

SIG2aSIGx%2 
SQ2SQRT(2.9%5,141593) 
RaAi/(SIG*SQ) 
TS2,axSIG2 
SUM22,0 
DO 5 Jat,NO 
IFCOY(J) aLT.4.8) GO TO 5 
CHIBRHEXP (CCX (J) MU) **2)/T) 
SUMSSUM# CY (J) @CHI) ew2/DY (J) awe 
CONTINUE 
RETURN 
III33 
RETURN 
END 

SUBROUTINE INVRT(CA-;AINV) 
DIMENSION A(3,3),ATNV(9),B(3),IFIVT(3) 

COMNON JJJ 

PROGRAM TO INVERT A MATRIX OF CRDER N 

N53 
NSQ#N&N 

CALL FACTRCA,A,IPIVT, BN, IFLAG) 
GO TO (20,11),IFLAG 
JJIRS 
RETURN 

DO 24 Is1,N 
B(1) 50.0 
IBEG24 
DO 30 J=i,N 
B(J)s1.0 
CALL SUBSTCA,B,AINVCIBEG) »IPIVTyN) 
B(J)=0,0 
IBEGSIBEG#N 
RETURN 
END



4272 
3273 
0274 
2275 
0276 
3277 
3278 
@279 
a28e 
e281 
282 
0283 
2284 
0285 
286 
0287 
288 
2289 
0299 
294 
4292 
9293 
3254 
0295 
0296 
8297 
0298 
2299 
e300 
O304 
3332 
9303 
0304 
0305 
2306 
8307 
308 
2389 
8310 
O3h4 
4312 
0313 
314 
Q315 
0316 

o
n
a
 

10 

41 

20 

999 
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SUBROUTINE FACTR(CA,W,IPIVT,C,N,IFLAG) 
DIMENSION A(3,3),H(3,3) ,IPIVT (3) ,0(3) 
IFLAGS4 

INITIALIZE W,IPIVT,O 

00 4a I=1,N 

IPIVT(I) SI 
ROWMX8Q,@ 
DO 7 Jei,N 
ROWMXSAMAX1 CROWMX,ABS(W(T,J))) 
IF CROWMX e£9.2.8) GO TO 999 
D(1) #ROKMX 
GAUSS ELIMINATIGN WITH SCALED PARTIAL PIVOTING 

NMY aaNet 
IF (NM1.E0.0) RETURN 
00 20 Kei,NMi 
Jak 
KPi ake 

IPEIPIVT (K) 
COLMXSABS(W(IP,K))/D (IP) 
DO 11 IeKP1,N 
IPSIPIVT (I) 
AWKOVBABSCW(IP,K))/D (IP) 
IF CAWKOV oLE @COLMX) GO TO t1 
COLMXSAHKOV 
Jel 
CONTINUE 
IF (COLMX»EQ,8,8) GO TO 999 

IPKEIPIVT (J) 
IPIVT (J) SIPIVT (CK) 
IPIVT(K) SIPK 
00 20 IsKP1,N 
IPRIPIVT(I) 
WCIP eK) BW CIP,/K)/WCIPK)K) 
RATIO&eW CIP;K) 
OG 20 JeKP1,N 
WCIP, J) SRATIO#WCIPK» J) +W CIP, J) 
IF CHCIP,N) 0£0,0,0) GO To 999 

RETURN 
IFLAG32 

RETURN 

END



0317 
318 
0319 

9320 
a32) 
as22 
323 
8324 
0325 
0326 
2327- 
0328 
a329 
0330 
8331 
9332 
9333 
8334 
9335 
8336 
8337 
0336 
8339 
8340 
0344 
0342 
9343 

1a 

19 
20 

221 

SUBROUTINE SUBST(W,B,X,IPIVT,N) 
DIMENSION W(3,3),8(3) ,X(3),IPIVTCS) 
IF(N,GT.4) GO TO 1a 
KC) MB CL) /W C171) 

RETURN 
IPeJPIVT (4) 
X(1) 8B (IP) 
DO 15 Ka2,N 
IPSIPIVT CK) 
KMigket 
SUM=0,0 
DO 44 Jei,KMi 
SUM@W CIP, J) ®X (J) #SUM 
X(K) #8 (IP) SUN 

X(N) ®X(N)/WCIP,N) 
KEN 
D0 28 NPiMK#2,N 
KP isk 
KSKe= 
IPSIPIVT (K) 
SUM90,0 
DO 19 JRKP1,N 
SUMBW CIP, J) *X (J) #SUM 
X(K)#(X(K)“SUM) /WCIP/K) 

RETURN 
END
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PROGRAM CBJJ4 

This is a non-linear least squares fitting 

program and will fit the required number of data 

points with upto 10 parameters in any functional 

form. The program needs to supply a function 

Subroutine which evaluates the function being fitted 

and a subroutine which calculates the derivatives of 

the function with respect to each parameter. The 

best fit to the data is obtained by searching 

parameter space for the point which minimises iG 

As well as providing the values of the parameters 

for the best fit, the program estimates the errors on 

the parameters and gives the value of ye aeaer for 

2 

No. of degrees of freedom. 

the fit; 

number = 

  

For input data X(I) and Y(I); YFIT(I) and oO Y(I) 

are supplied by the program. The peak height Y, and 
0 

peak position Xo are also determined. The area of the 

peak is through integration of the fitted data poits. 

The program will perform more than one GAUSSIAN 

FUNCTION where required.



3021 
4002 

3023 
2004 
2005 
3006 
2007 
9008 
ap09 
aato 
aati 
aa12 
0013 
3014 
a215 
2016 
2217 
a018 
0219 
29029 
0021 
ao22 
8423 
o024 
a925 
8926 
9027 
0028 
ag29 
0030 
9034 
9032 
9033 
0034 
0035 
3236 
2037 
0038 
2039 
‘0040 
0244 
2042 
0043 
0044 

9045 
0046 
4247 
0048 

2049 
2050 
3051 
2052 
2253 
3054 
3055 

ees 

Listing of PROGRAM CBJJ4. 

The program is written in FORTRAN. 

FIN,L 

Q
N
M
N
N
O
N
M
O
A
N
V
O
H
V
A
H
V
H
N
A
A
M
A
A
G
A
A
 
O
A
H
A
A
A
H
A
A
A
N
 

PROGRAM CBJJ4(3,99), 82818 JGO 
DOUBLE PRECISION ARRAY 
DIMENSION X(15@),¥(154),SIGMAY (150) ,YFIT(150) »WEIGHT (4 
4,A(10),SIGMAA(10) ,OELTAA(1@) ,BETA(10) ,DERIV(1a) 
2) ALPHAC10,10) ,ARRAY (10,18) ,B (10) ,IH(5),1Y (15a) 
DATA A/19%3,0/ 
CALL RHPAR (TH) 

TWO TYPES OF INPUT CASE ARE AVAILABLE? 

1, INPUT FROM RTE TELETYPE, FORM IS, 
RU, JOJJ4,TH(1),THC2),1THC3),1H04),IH (5) 

WHERE 
IH(1) 299 FOR THIS CLASS OF INPUT 
IH(2)2NO, OF DATA POINTS 
TH(3) SLU FOR DATA INPUT OF X,Y,(SIGMAY) 
TH(4)5LU FOR ALL OTHER DATA INPUT 
TH(5)5@ IF SIGMAY(I)=SQRT(Y(1I)) 
TH(5)2#1 IF SIGMAY(I) IS TO BE SUPPLIED SEPARATELY 

2s MODDED TO READ DATA FROM SATELLITE 
CALL BY? . 

RTE, JOJJ4,XXXCYYYRZ, @,LEN 
WHERE 

LENSREGION LENGTH OF DATA 

MODIFICATION RECORD? 
ORIGINAL PROGRAM (JJFIT): JJ 
GENERALISATION TO 

DISTRIBUTED SYSTEM! JGo 
CALC. OF COVARIANCE MATRIX: ORW 

LalH(4) 
IFCIH(1) £9.99) GO TO 222 
CALL SPOOL.C100,21,IH(1),1) 
L214 

222 WRITE(L,333) 
333 FORMATCUWHEN INVITED TO TYPE 9,1, OR 2 THE MEANING ISit@ 

1"O TO EXIT"/"1 FOR A NEW FIT"/ 
2"2 TO FIT OLD DATA FROM NEW START POINT") 
WRITE (21,223) 

223 FORMAT(" NON@LINEAR LEAST#=SQUARES FIT USING MARGU 
Loy" METHOD"///) 

1 WRITE(L,5S) 
5 FORMATC("MODE &") 

GIVES WEIGHTED/UNWEIGHTED FIT 
READ(L,*) H9DE 
IF CIH(4) eNEe99)CALL ROINTCIH,IY) 
NPTS#IH(2) 
WRITE(L, 668) 

§68 FORMAT(2X,"NTERMS 2") 
READ (L»*) NTERMS



‘2056 
057 
058 
0059 
2060 
0061 

(9962 
9063 
2064 
2065 
2266 
0067 

2968 
3969 
4070 
9071 
3072 
3073 
2074 
2075 
3076 
0277 
0078 
2079 
0080 
081 
3282 
2083 
3034 
8085 
286 
3087 ~ 
2088 
2289 
2299 
2091 
2092 
2293 
2294 
3095 
2096 
0097 
2098 
2299 
109 
2124 
102 
163 
104 
2105 
3126 
3107 
1938 
2129 
aita 

o
n
n
o
 

n
o
o
n
 

o
n
 

8a1 
802 

224 

LLaL 
IFCIH(1) sEQ.99) LL AIH (3) 
IF (TH(1) «£9.99, AND.,IH(5) .£Q,2)G0TO 669 
IF CIH(1) eEG.99,ANDoIH(S5) .EQ.1)GOTO 684 
RTE COMPUTER RUNS 

5426 COMPUTER RUNS 
JO#TH(3) 
00 621 121,100 
IF (IH(3) ehEsIH(5))GOTO 802 
TH(3) 81H (3) "IH (5) 
CONTINUE 
DO 666 I3i,NPTS 
X(I)SITHES) +Ie4 

THE =1 ALLOWS FOR CALC, RELATIVE TO BASE @, NOT 1 

666 

669 
674 

673 

689 
681 

683 

670 

es
 

19 

ah 

CRESULTS FROM ADC CHANNEL SHIFT ) 

Y(U)sly(t) 
SIGMAy (I) #SQRTC(Y(I)) 
IF CSIGMAY (1) 4EQ.0,0)SIGMAY(1) 21,0 

ASSUMES ERRORS # SQRT(COUNTS) 
CONTINUE 
GOTO §70 
WRITE (L, 671) 
FORMAT (2X,;"INPUT DATA$ X+¥") 
00 673 I8i,NPTS 
READ (LL, #) X(T) YI) 
SIGMAY (I) =SQRTCY (13) 
CONTINUE 

GOTO 670 

WRITE(L, 681) 
FORMAT (2X,"INPUT DATA X,Y,SIGMAY") 
00 683 I81,NPTS 
READ(LL, *)X(I) + ¥ CI) ,SIGHAY (I) 
CONTINUE 

WRITE (CL, 3) 
FORMATCUFIRST GUESS AT ACI) AND DELTAACI)") 
A®FIRST GUESS TO PARAMETERS, DELTAA FIRST GUESS TO ERRO 
00 9 I81,NTERMS 
WRITE(L, 4) 1,1 
FORMATC"AC", 11,") ,DELTAAC",11,") #1") 
READ(L, #JACI) ,DELTAACI) 
FLAMDA30.081 
WRITE (21,19) (1,231,10) 
FORMATCAX, "CHINU",SX,SC"AC", TL ne") ",7X)/ 
112X,4 (7X, "AC" TL, ")") 
2r7X, "ACM, L2,")") 

NFREESNPTS@NTERMS



atti 
3112 
3113 
aiid 
3115 
3116 
2117 
aii8 
3419 
2120 
ait 
3122 
2123 
3124 
a125 
2126 
2127 
2128 
a129 

2132 
O13t 
2132 
2133 
2134 
3135 
3436 
2137 
2138 
2139 
2140 
2141 
3142 
0143 
3144 
3145 
2146 
3147 
3148 
a149 
21350 
2151 
2152 
3153 
3154 

2155 
0156 

2157 
158 

2159 
16a 
AL64 

0162 
163 
0154 

2165 

a
a
n
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n
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a
a
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a
o
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13 

20 
24 
22 
23 

25 

27 

29 
3a 

31 

34 
44 

46 
50 
51 

53 

81 
62 
63 
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IF (NFREE)13,13,20 
CHISGREQ. 
GOTO 179 

EVALUATE WEIGHTS 

00 39 Isi,NPTS 
IF (MODE) 22,27,29 
TF (Y(1))25,27,23 
WEIGHT (I) 51./Y(1) 
GOTO 30 
WEIGHT (1) #4e/C#Y(I)) 
GOTO 3a 
WEIGHT(I) 51, ; 
GOTO 3a 
WEIGHT (I) 32, /SIGMAY (1) 4x2 
CONTINUE 

EVALUATE ALPHA AND BETA MATRICES 

00 34 Jai,NTERMS 
BETACJ) 20, 
00 34 Ksi,J 
ALPHA(J;/K) #0. 
DO 5a Iai,NPTS 
CALL FOERV(X(1),A,DELTAA,NTERMS,DERIV) 
DO 46 J=1,NTERMS 
BETACJ) SBETA(J) *#WEIGHT (I) #CY CI) FUNCT (X(I) 4A)) #DERIV(J) 
DO 46 Kai,J 
ALPHA (J,) SALPHA(J,K) #WEIGHT (1) WDERIV(J) #DERIV(K) 
CONTINUE 
DO 53 Jei,NTERMS 
09 53 Ksi,J 
ALPHA(K, J) SALPHA (J) K) 

EVALUATE CHI SQUARE AT STARTING POINT 

00 62 Insi,NPTS 
YFITCI) 8FUNCT(X(I),A) 
CHISQ{2FCHISCY,WEIGHT,;NPTS,;NFREE, MODE, YFIT) 

INVERT MODIFIED CURVATURE MATRIX TO FIND NEW PARAM 

WRITE (21,120)CHISQ1, (ACI) 121,10) 
FORMAT (6(1X,£10.4)/14X,5(1X,E1,4)/) 
DO 74 Jal,NTERMS 
DO 73 K21,NTERMS 
ARRAY (J,K) 3DBLE (ALPHA (J,K) /SQRT (ALPHA (J) J) *ALPHA (Kp K))) 
ARRAY (J, J) SD08LE(1,+FLAMDA) 
CALL MATINCARRAY NTERMS, DET) 
DO 84 Je1,NTERMS 
BCI) SACI) 
DO 84 Kai, NTERMS 
8(J)58(J) *BETA(K) #SNGL CARRAY CJ/K)) /SQRTCALPHA (J, J) #ALPH,



2166 
pis? 
168 
159 
2179 
3174 
2172 
2173 
3174 
1475 
las76 
3177 
9178 
a179 
2139 
2181 
3182 
3183 
2184 
3185 
6136 
3187 
3183 
a1a9 
2199 
ai91 
0192 
2193 
a194 
2195 
3196 
4197 
a498 
2199 
3220 
a2a1 
222 
3203 
2204 
10205 
3206 
287 
2208 
3209 
4210 
a2i4 
2212 
a2t3 
a214 
2215 
3216 
3217 
2218 
2219 
a220 

o
o
n
 

oy 
92 
93 

94 
95 

1a. 

123 

415 

127 
130 

132 
131 

1134 

133 
134 

231 
230 

232 
233 

234 
135 

150 

160 

17a 

667 
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IF CHI SQUARE INCREASES,INCREASE FLAMDA AND TRY AG 

DO 92 ITat,NPTS 
YFITCI) FUNCT (X(1) 8) 
CHISQR#FCHISCY, WEIGHT, NPTS,NFREE, MODE, YFIT) 
CHIDIFSCHISQ1i=CHISGR 
TF (CHIDIF)94,101,101 
fF (ABS (CHIOIF) 1,604) 101,101,95 
FLAMDA®{@,*FLAMDA 
GOTO 71 

EVALUATE PARAMETERS AND TEST FOR CONVERGENCE 

FLAMDASFLAMDA/1Q, 
DO 193 Jsi,NTERMS 
ACI) 330) 
IF (CHIDIF~eQ91CHISGR)115,31,31 
WRITE (21,420) CHISQR, (ACI) ,I21,10) 
DO 497 J81,NTERMS 
SIGMAA(J) SSQRT (SNGL (ARRAY (J) J)) /ALPHA(J,J)) 
WRITE (21,130) J,ACJ) ;SIGMAA CJ) 
FORMAT (5X," AC™)T1,") = ",G12,4," 4= 1,612,4) 
DO 131 ILeL,NTERMS 
DO 132 Jal /NTERMS 
ARRAY (I,J) =ARRAY (IJ) /SQRTCALPHA(I,I)) /SQRTCALPHA(J,J)) 
ARRAY (J) 1) SARRAY (IJ) 
CONTINUE 
FORMAT(///" = COVARIANCE MATRIX"/) 
DO 134 1s1,NTERMS 
FORMAT (6E12,4/2X,4E12,4) 
CONTINUE 
00 230,141,NTERMS=1 
DO 234 J#I*1,NTERMS 
ARRAY (I,J) SARRAY (10d) /DSQRT (ARRAY (1,1) *ARRAY(J,J)) 
ARRAY (J, 1) ®ARRAY (I,J) 
CONTINUE 
DO 232 IT=1,NTERMS 
ARRAY(I, 1) #440 
FORMAT(///" CORRELATION MATRIX"/) 
DO 234,124,NTERMS 
CONTINUE 
FORMAT (//3Xp"X CI) "eLOXe"¥CI)"e1OX,"YFITCI) "7X, "DIF") 
DO 159 Is1,NPTS : 
YFITCI) FUNCT CX(T) 2A) 
DIFsYFIT (I)“¥(1) 
WRITE(L, 160) 
FORMATC"TYPE @,1 OR 2 #") 
READ (L,«)NTEST 
IF CNTEST=1)170,1,670 
IH (3) U0 
1H(4) 8IH (2) 
1H(5) 81H (3) +IH (5) 
00 667 I=1,NPTS 
LYCI) 8YFITCL) 
CONTINUE



224 
3222 
0223 

0224 
9225 
226 
9227 
2228 
9229 
9232 
2231 
232 
2233 
2234 
9235 
2236 
3237 
2238 
3239 
2240 
a244 
3242 
2243 
3244 
2245 
2246 
3247 
2248 
2249 
2250 
2254 
2252 
lass 
2254 
2255 
2256 
0257 
(2258 
19259 
4259 
2254 
18262 
2283 
3284 
2265 
0266 
12257 
2258 
(4269 

2279 
‘B271 
272 

a
n
n
 

o
0
o
 

0
0
2
0
 

a1 

23 
24 

3a 

34 
32 

41 

43 

So 
51 

53 

6a 

61 

63 
70 
7 

74 
75 

St 
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IF CIH(1) «NE.99)CALL WRINTCIH,IY) 
STOP 
ENO 

SUBROUTINE MATINCARRAY,NORDER,DET) 
DOUBLE PRECISION ARRAY,AMAX,SAVE 
DIMENSION ARRAY (10,19), IK (18), JK (10) 
OETa1, 
00 142 K#1,NORDER 

FIND LARGEST ELEMENT ARRAY(I,J) IN REST OF MATRIX 

AMAX#2, 

DO 30 I=sk,NORDER 
DO 3@ JaK,NORDER 
TF CDABS CAMAX) DABS CARRAY (1,J)))24,24,30 
AMAXBARRAY (I,J) j 
IK (K) 81 
JK CK) ad 
CONTINUE 

INTERCHANGE ROWS AND COLUMS TO PUT AMAX IN ARRAY (K;/K) 

IF CAMAX) 41732, 41 
OET=sa, 
GOTO 149 
I3IK(K) 
IF (I#K) 21,514,438 
DO 50 Jal,NORDER 
SAVESARRAY (KJ) 
ARRAY (K, J) ARRAY (17d) 
ARRAY (1, J) 8=SAVE 
J8IK CK) 
IF (JeK)21,61,53 
DO 6@ Is1,NORDER 
SAVESARRAY (I,K) 
ARRAY (I,K) SARRAY (I,J) 
ARRAY (I,J) "SAVE 

ACCUMULATE ELENENTS OF INVERSE MATRIX 

DO 7a I21,NOROER 
IF (I#K)63,70,63 
ARRAY (1, K) SARRAY (I,K) /AMAX 
CONTINUE 
DO 82 I=1,NORDER 
00 8G Jmi,NORDER 
IF (1=K)74,80,74 
IF (J=K)75,80,75 
ARRAY (1, Jd) ARRAY (I,J) #ARRAY (I,K) *ARRAY (KJ) 

CONTINUE 
00 99 Jai,NORDER 
IF (J"K)d3,90,83



273 
274 
275 
276 
277 
278 a

n
o
 

83 
98 

102 

ary Ca 

282 
0283 
284 
2285 
0286 
0287 
9286 
3289 
290 
2291 
292 
2293 
2294 
0295 
2296 

2280 
ten 

Be 
2298 
0299 
2300 
321 

3302 
3433 
324 
305° 

2326 
3397 
0396 
0309 
@3i0 
Osi 
a3i12 
6313 
@514 

9315 
0315 
0317 

318 
9319 
2320 
3321 
0322 
2323 
a324 
0325 
0326 

8327 
2326 

2329 

o
a
n
 

n
a
o
 

128 
130 
140 

20 
3a 

$i 
32 
48 

99 

999 

END 
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ARRAY (K, J) SARRAY (K, J) /AMAX 
CONTINUE 
ARRAY(K,K) 314 /AMAX 
DETSDET*AMAX 

RESTORE ORDERING OF MATRIX 

00 130 L34,NORDER 
KSNORDERRL #4 
J8IK CK) 
IF (JeK) 444,111,105 
DO 119 I®\,NORDER 
SAVESARRAY (I,K) 
ARRAY (I,K) S*ARRAY (I,J) 
ARRAY (I,J) SSAVE 
TaJK (K) 
IF (1@K) 430,130,113 
DO 129 J#4,NOROER 
SAVESARRAY (K,J) 
ARRAY (K, J) #ARRAY (I,J) 
ARRAY (I,J) ®SAVE 
CONTINUE 
RETURN 

REAL FUNCTION FCHISCY,WEIGHT,NPTS,NFREE, MODE, YFIT DIMENSION Y(150),YFITC15@) ,WEIGHT(iSa) 
CHISaea, 
IF (NFREE) 13, 13,20 
FCHIS=O, 
GOTO 40 

ACCUMULATE CHI SQUARE 

DO 3@ I#1,NPTS 
CHISQ®CHISG#WEIGHT CI) #CYCI)“YFITCI)) xx2 

DIVIDE BY NUMBER OF DEGREES OF FREEDOM 

FREEGNFREE 
FCHISsCHISQ/FREE 
RETURN 
END 

REAL FUNCTION FUNCT(X,A) 
DIMENSION A(1@) 
YS (X"A(2))/A(3) 
Z2(X"A(5)) 7A (6) 
YYayney 
ZZ8Z%Z 
IFCYY,GT.20,0)YYY=8 
IFCYYeGTe20,0)GOTO 99 
YYYSEXP(=9,5eYY) 
IF (Z2.6T.298)22z220 
IF (ZZ,G6T.20.8)GOTO 999 
ZZZSEXP(=8.5"2Z) 
FUNCTSYYY#ZZZ 
RETURN 
END



0338 
83354 
8332 
4333 
2334 
9335 
336 
8337 
8338 
2339 
a340 
9344 
3342 
343 
9344 
345 
0345 
0347 

99 

999 
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SUBROUTINE FDERV(X,A,DELA,NTERMS, DERIV) 
DIMENSION A(18),DELA(10) ,DERIV (10) 
Ye(X"A(2))/A(3) 
25 (X*A(5))/A (6) 
YYY=0,0 
IF CY*Y.GT.24)GOTO 99 
YYYSEXP(O,5xY*Y) 
22Z30,0 
IF (Z*2,GT,20)GOTO 999 
ZZZREXP (0.5%Z%Z) 
DERIV(1) 8YYY 
DERIV(2) 8AC1) *DERIV(1) *Y/A(3) 
DERIV(3) #OERIV (2) xY 
DERIV(4) 8Z2Z 
DERIV (5) 2404) MDERIV(1) #Z/A(6) 
DERIV(6) SDERIV (5) xz 
RETURN 
ENO
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