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Abstract  

The generation, in a clean, one-dimensional assembly (NISU3), 

of a permanent and reproducible neutron spectrum similar in elape 

to the one inside the core of a fast breeder reactor, has been 

exploited for the development of Fast reactor spectrometry using 

Li-6 sandwich semiconductor spectrometers. 

The application of suitable pulse shaping during the spectrum 

measurement ensured the effective use of the Fast electronics which 

are required to avoid distortions of the measured distributions due 

to the Silicon diodes and the experimental environment. 

The variation of coincident count losses with neutron energy 

has been accurately calculated for different geometries and the 

effect of different thickness of the neutron sensitive LiF layer 

upon this variation has been investigated. The development of an 

energy calibration technique through the determination of the back-

bias of the multichannel Analyser and the energy losses of the 

charged particles in dead layers prior to detection, reduced the 

uncertainties of the derived spectra and improved the agreement with 

other experimental techniques. 

The response matrix for the "triton" technique has been re-

calculated to take into account the presence in the distribution to 

be analysed of counts induced by alpha particles. Also the effect of 

a "high energy background" on the "triton" distribution has been 

assessed and suitable corrections have been applied prior to unfolding. 

Measurements of NISUS spectra using the "triton" and "Sum" 

techniques, covering the energy range from 20 KeV to 7 MeV have been 

compared with theoretical and experimental results over their region 



of overlap. 

To obtain higher resolution for the neutron energy in the 

region up to a few hundred KeV the "Difference" technique has been 

developed, consisting in the measurement of the distribution lEt  - Eal. 

The cost of measurements with these spectrometers, which ic 

mainly due to the short lifetime of the diodes under fast neutron 

irradiation, was reduced by the design and application of a demountable 

spectrometer allowing the replacement of faulty diodes. 

In order to investigate the effects of the spectrometer materials 

upon the spectrum to be measured a Monte Carlo calculation is outlined, 

and its geometric routines and the required nuclear data have been 

prepared. 
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Chapter 1 

The Need for Measurements of Fast Reactor Neutron S ectra 

1.1 Energy Demand and Fast Reactors  

World energy demand, on a per capita base, has dramatically 

increased from the mid-nineteenth century to present times, 

following an exponential curve and reaching in 1970 an average 

global value of 48 KWh (th)/day (and per capita). This resulted in 
I an annual world energy consumption of 29*108  MWdkth), Ref. (1) and (2). 

Extrapolations of past data, made by different workers, Ref. (2) 

and (3),,for future world energy requirements based on sensible 

assumptions for the Gross National Product and world population, 

predict for the year 2050 a 10 to 25 fold increase over the 1970 

level. This demand for energy will be partly triggered by the increase 

in the human population of earth and partly by the entry in the 

industrial era of the underdeveloped countries which represent in 

figures the largest part of humanity. Energy conservation measures 

taken recently by the industrialised countries as a result of the 

1973 oil crisis will not bring any significant effect on this 

increase since they are mainly concerned with the reduction of the 

import costs of an oil-based energy economy. 

Such an increase in energy demand cannot be met in full by the 

known fossile fuel reserves, even if the level to be reached by the 

year 2000 is considered. On the other hand the tapping of non 

traditional fossile fuel sources, like shale oil and tar sands, is 

not feasible in the scale required. Adding to that the political 
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implications of the peculiarity in the world distribution of the 

oil reserves, both traditional and shale oil, and the necessity to 

conserve oil for specific uses for which it is irreplaceable 

(e.g. production of petrochemicals) it is concluded that some 

4 to 6 thousands GW of electric power should be supplied by the 

year 2000 by other energy sources. 

The only option currently available on a commercial scale to 

supply this amount of electricity, on a global scale, is nuclear 

fission. This would imply a 67 to 100 fold increase over the 

installed nuclear capacity in 1974 of 59.7 GW(e) (according to 

OECD figures). If this demand for nuclear plants is met by 

thermal reactors, the majority of them being of the light water 

type, it would result in the depletion of the 3 million tons of 

"Reasonably assured" and "Estimated additional" U308  reserves, 

Ref. (4), by the first decade of the next century. Also the 

requirements for a big expansion in enrichment facilities to supply 

the highly enriched fuel required by light water reactors will pose 

a great problem much earlier, between 1980 and 1985. 

To avoid shortages of reasonably priced Uranium in the next 

century and enriched fuel even earlier, it has been decided to 

operate fast breeder reactors in commercial scale by 1985 expanding 

their capacity thereafter so that by the year 2000 they would 

represent some 30% of the installed nuclear capacity. The capability 

to consume in fast breeders the most abundant of the Uranium isotopes, 

U2381  while at the same time producing the fissile material, Pu239, 

required for power generation, increases the energy potential of the 

available natural Uranium reserves by at least a factor of 60. In 
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addition the use of a mixture of UO2/Pu02  to fuel fast reactors, 

enables the economic recycling of plutonium and depleted Uranium 

produced by light water reactors. Thus, at least from the fuel 

supply point of view the fast breeder offers a long term, 

economically feasible, solution to our energy needs. 

The critical factor for the successful implementation of a 

large scale expansion in the use of nuclear fission for energy 

production is the management of the radioactive waste produced by 

fission. Almost all (99%) of the waste radioactivity arising from 

a nuclear power plant is released during the reprocessing of spent 

fuel. This waste contains, in liquid form, the bulk of the fission 

products generated during irradiation, including some long-lived 

radionuclides such as PU239, since the complete quantitative 

separation of the actinides from the fission product waste is not 

feasible with the available methods. Comparison between plutonium 

fuelled fast reactors and light water reactors shows that the latter 

produce more high level liquid waste by a factor of 1.25, Ref. (5), 

while the low activity medium life waste from the fast reactor is 

more by a factor of 3 than that from the thermal system. Nevertheless 

the radiological hazards presented from the release to air or water, 

of radioactive actinides or other nuclides (e.g. Sri), are significantly 

higher for plutonium fuelled fast reactors than for thermal systems 

because of the isotopes Cm242  and Pu
238

, Ref. (6). 

The implementation of a Fast Reactor program on a commercial 

scale thus aggrevates the waste management problem and requires more 

efforts to be devoted towards a "final" solution, to the long lived 

radioactive waste problem, storage offering only an interim solution, 
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even when it satisfies the health physics requirements. Such a 

final solution could involve "burning" the heavy element isotopes 

in high energy neutron fluxes. Unless these efforts bring results 

one should seriously reconsider the expansion of nuclear fission, 

either by the employment of fast or thermal reactors, on the scale 

required to satisfy world energy requirements in the medium to long 

term. 

1.2 Measurements of Fast Reactor Neutron Spectra 

To construct and operate safely and economically fast reactor 

power plants of 1000 MW(e) output, within the timetable previously 

mentioned, a major research and development program in Fast reactor 

physics and engineering has been undertaken by the major industrial 

countries, involving a fair amount of international collaboration. 

These efforts enabled the construction and commissioning in 1974-75 

of the "prototype" or "demonstration" plants of the I2IFBR type 

in the range 250-350 MW(e) (PHENIX, PFR, EBR-350). 

In the absence of a formal moderator the neutron energy 

distribution in a fast reactor, would be that of the fission spectrum 

for PU239. Nevertheless the use of a mixture of Uranium and Plutonium 

oxides as fuel and the presence of structural materials, result through 

scattering in a softer spectrum, with a peak at a few hundred KeV and 

a low energy tail. In that way the neutron energy range of interest 

extends from 1 eV up to 10 MeV, Fig. (1.2.1). 

Since the behaviour of a nuclear reactor is a macroscopic output 

of the competition of energy dependent, qualitatively and quantitatively, 

processes undergone by the neutrons in the core, it is evident that the 
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in-core distribution of neutrons versus energy is a key factJr for 

reactor performance. The energy spread of the neutron spectrum in 

a fast reactor and the competition of a number of reactions mad 

nuclei require the handling of a very large number of microscopic 

nuclear data in order to predict reactor performance and critical 

parameter values. This situation is further complicated by the 

presence of significant neutron densities in the resonance region 

of the relevant cross-sections. To enable the handling of fast 

reactor calculations by computers, "effective" cross sections are 

calculated to substitute narrow resonances and multigroup cross 

section sets are derived by weighting the pointwise data with a 

neutron spectrum calculated as the asymptotic spectrum for a given 

core composition by zero-dimensional 114  or Bit  approximations. In 

that way in fast reactor calculations additional to the uncertainties 

of the differential microscopic nuclear data (cross-sections, 

angular distributions) and to approximations and errors of the 

calculational method one has to consider the uncertainties of the'  

derived multigroup cross-section sets, which arise from the weighting 

spectrum used for their calculation. 

Spectrum measurements carried out in fast critical or subcritical 

assemblies help to improve the accuracy of predictions for fast 

reactor core performance in the following ways: 

(a) Neutron spectra and other integral parameters, such as critical 

quantities, reaction rates, the capture to fission ratio for 

239 
PU 	etc., are functionals of the differential data of the 

isotopes composing the particular assembly in which these 

quantities were measured. These integral parameters in 

general are measured with higher accuracy than differential 
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data. Thus integral parameters combined with evaluated 

differential data in a systematic data adjustment scheme 

taking into account their experimental uncertainties, can 

provide improved sets of group constants resulting in 

better predictions of the neutronic properties of fast 

cores with composition or spectrum not widely different 

from that of the experimental assembly, Ref. (7) and (8). 

(b) If assemblies of simple composition and configuration are 

used, comparison between measured and calculated spectra 

provide a check on calculational methods and helps in 

the interpretation of discrepancies between other measured 

and calculated parameters. 

The accuracy requirements for spectrum measurements is 

determined by sensitivity analysis of the neutronic properties which 

are required to predict fast reactor performance and their target 

accuracies. For target accuracies, one standard deviation, of 

+ 0.005 in K, + 0.03 in breeding gain, + 10% in Doppler coefficient, 

Ref. (9), the accuracy on spectral shape should be + 10% up to a few 

hundred eV, + 4% from 1 KeV to 4 MeV and + 10% at energies higher 

than 6 MeV, within broad lethargy groups with finer groups near 

major resonances. For neutron energies higher than 4 MeV the power 

reactor neutron spectrum is roughly that of the fission spectrum 

and spectral shape is not very important. 

To satisfy these target accuracies over the whole energy range 

of interest with adequate energy resolution a number of different 

techniques has to be employed, each technive covering a limited 
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energy range overlapping to some extent the range of one or more 

of the remaining techniques to provide normalisation of the results. 

A brief survey of the most widely used techniques will follow. 

1.3 Proton Recoil Proportional Counters (PRC)  

This technique is employed for in-core neutron spectrum 

measurements over an energy range from a few hundred eV up to 1.5 

to 2.0 MeV, having a resolution better than 10% and an accuracy of 

+ 5%. 

Neutrons are scattered by the hydrogenous gas filling the 

counter and the energy distribution of the recoiling protons is 

measured through the ionization they produced in the gas filling 

the counter. The incident neutron flux is related to the measured 

proton energy distribution P(E)dE, through the relation: 

= Q(E) 	
E 	dP(E) 

dE 	N
H
6(E) 

(1.3.1) 

where NH 
is the number of protons in the counter. For in-core 

measurements two types of counters are used, cylindrical, Ref. (10), 

or spherical, Ref. (11). Spherical counters have been introduced to 

reduce distortions of the electric field along the anode wire which 

result in variations of the gas gain affecting the response function 

and t counter sensitive region. 

The gases employed to fill the counters are, pure hydrogen, 

methane and propane, while gas pressures varying from 0.5 tolO atm, 

are employed to enable the neutron energy range mentioned earlier 

to be covered by these counters. At high gas pressures ( 2 atm) 
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oethane is added to pure hydrogen fillings for quenching and gas 

gain stability. 

The major advantage enjoyed by this technique is the use of 

the hydrogen neutron scattering reaction, which has a cross section 

exhibiting a smooth variation with neutron energy, is known with an 

accuracy of 1% for neutrons up to 14 MeV and is sufficiently high to 

provide measurements with good statistical accuracy. Furthermore, 

the isotropy of this reaction leads to a rectangular response 

function for the recoiling protons, in the absence of competing 

events, which leads to equation (1.3.1). 

In practise the response of the counters is not rectangular 

due to effects of the counter geometry and gas filling as well as 

the reactor environment. For these reasons corrections to the 

measured distributions are required and/or modifications of the 

response function. 

Limits imposed on the counter dimensions for in-core spectrometry 

result in incomplete stopping of the proton recoils in the gas 

filling the counter, their tracks being truncated by the walls and 

the dead end counter regions. This effect ("wall effect") introduces 

important modifications of the response function and imposes an 

upper energy limit between 1 and 2 MeV for neutron spectrometry 

using this technique. Inert gases like Krypton and Argon are 

introduced in the counter filling to increase the stopping power of 

the gas, for counters employed to measure the higher part of the 

spectrum. 

Another problem arises when methane or propane gas fillings are 

used,-since carbon recoils from neutron elastic scattering by carbon, 



interfere with the measured distribution. This problem affects 

the low energy (< 100 KeV) part of the spectrum measurements where 

the flux per unit lethargy decreases. The carbon recoil problem 

is stronger the harder the spectrum, and the accuracy of the 

corrections required for this effect is affected by the angular 

distribution of the carbon cross section. 

In measurements carried out in mixed, neutron and gamma fields, 

the low energy (<200 KeV) part of the proton recoil energy dis- 

tribution is distorted by Compton electron collection. This problem 

can be tackled by rise time discrimination although a number of 

gamma produced pulses will have rise times comparable to those of 

the proton induced pulses and this becomes another factor affecting 

the low energy limit for the use of the technique. 

Below 8 KeV, for hydrogen filled counters and at higher energies 

for methane filled ones, additional uncertainties exist due to 

changes in the gas ionization constant. This effect together with 

the Y -ray and energy calibration problems reduce the accuracy of 

the technique below 10 KeV to 20%, Ref. (12). 

The experimental accuracy currently achieved for in-core 

measurements with proton recoil counters is 5 to 7% in the energy 

range 30 KeV to 1 MeV when coarse neutron energy groups are 

considered. -  Measurements in NISUS by J. Petr, Ref. (13) have shown 

a reproducibility of the measured spectra between 40 KeV to 2 MeV 

within 3% for measurements in assemblies incorporating a BkC shell 

to suppresS thermal neutrons. To cover such a wide energy range a 

number of counters has to be used in separate irradiations, providing 

adequate overlapping for accurate normalization between different runs. 



1.4 Time of Flight Technique  

This is the most direct method for measurements of neutron 

energy and is the only one currently available for detailed neutron 

spectrometry in the Doppler energy region, 300 eV to 10 KeV. 

A LINAC is employed to produce short length, a few microseconds, 

and high intensity, of the order 1011  to 1015  n/S, neutron pulses 

usually through electron bombardment of suitable heavy element 

targets. The neutron pulses are then used to pulse the subcritical 

reactor and the energy distribution of a neutron beam extracted from 

the region of interest, is measured along various flight path 

lengths. The arrival of the neutrons at the end of their flight 

path is usually detected by a 1013 plug-NsI system or Lithium-6 

glass or liquid scintillators. A simple Kinetics relation exists 

between neutron energy (E), flight path (L) and time of flight (t), 

giving: 

E = 522.7 • *2'  

where E is in MeV, L in m and t in ns. 

For the time dependent gamma background a Lithium-7 glass 

scintillator is used and the distribution measured with it is 

subtracted from the foreground one to obtain the distribution of 

the neutron counts. 

As the resolution for the neutron energy scale is inversely 

proportional to the time required by the neutron to travel the 

flight path, pathlengths of 200 m or higher are required for 

measurements of the spectrum in the MeV range while for the lower 

(1.4.1) 

- 
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energy part 50 m flight paths are used so that an adequate signal 

to noise ratio is obtained, Ref. (12) and (14). 

The major source of error in the analysis of "Time of Flight" 

measurements is the uncertainty in the efficiency variation,with 

neutron energy,of the neutron detector. Unfortunately the Boron-10 

plug which exhibits smooth efficiency variation over the energy 

range of interest, suffers from a low efficiency value (10 to 20%).  

On the other hand the Lithium-6 glass scintillator has a high 

efficiency but its response at neutron energies higher than 100 KeV 

exhibits an anomaly due to the broad resonance at 247 KeV of the 

6, kn,ajt cross section. Considering that in order to achieve a 

5% accuracy in the measured spectrum requires a 3% accuracy for the 

neutron detector efficiency curve, Ref. (15), the presence of this 

resonance imposes a great difficulty for the derivation of an 

adequate calibration of the Lithium-6 glass scintillator. 

The Time of Flight technique is currently used over the energy 

region from a few hundred eV up to 3 MeV. The upper energy limit 

is imposed from resolution effects while at low energies limitations 

in the strength of the neutron pulse source result in poor statistics 

and low signal to background ratio. Over the region 1 KeV to 100 

KeV its accuracy is 8 12% becoming 15 	20% at higher energies up 

to 1 MeV, thus providing adequate overlapping for comparison with 

Proton recoil counters results, Ref. (13) and (16). 

In order to obtain meaningful comparison between spectrum 

measurements carried out by the Time of Flight technique with results 

obtained by other experimental techniques or theoretical calculations, 

computed corrections should be applied for: 
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(a) The possible change in the spectrum introduced by the 

subcriticality requirement which is an inherent feature 

of the Time of Flight technique. 

(b) The fact that the info:.-mation about the in-core spectrum 

is obtained through the measurement of a directional 

spectrum when the Time-of-Flight technique is used, and 

is not a measurement of the scalar flux. These corrections 

become high for neutron energies higher than 2 MeV, Ref. (15). 

(c) The spectrum perturbation introduced by the insertion of 

the extraction channel. This becomes significant for 

heterogeneous lattices, Ref. (15), and also in regions of 

high flux gradients, like in a reflector. 

1.5 Foil Activation 

This is a well known technique from thermal reactor measure-

ments consisting of the measuremclt of the activity emitted by 

foils of certain materials as a result of neutron irradiation. 

In fast neutron spectrum measurements use is made of the property 

of certain materials to become radioactive under irradiation by 

neutrons with energy higher than a threshold value, or of the 

property of other materials to exhibit a very pronounced neutron 

capture resonance. The saturation activity induced on such foils 

is measured through the emission of I -rays by the decaying 

nuclides. 

For the first type of materials, "threshold detectors"y measure-

ment of the saturation activities of a- series of foils of different 
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materials with successive threshold energies and subsequent 

unfolding of the set values gives the grouped neutron fluxes. 

Resonance foils are employed for the low energy part of the 

spectrum, below 10 KeV, in the "sandwich foil" method, 

Ref. (17). 

In this method a sandwich of three foils, with suitable 

thickness, surrounded by a cadmium filter is employed. During 

irradiation the inner foil is screened from neutrons with energies 

corresponding to the resonance energies of the outer foils, while 

neutrons with energies away from the resonances produce a uniform 

activity throughout the sandwich if all foils are of the same 

thickness. Thus the neutron flux at the resonance energies will 

be proportional to the difference between the acitivities of the 

inner and outer foils, and can be found if the sandwich has been 

calibrated in a known flux. 

In order to cover with activation foils, the neutron energy 

range from a few hundred eV to 10 MeV, McElroy, Ref. (18) employed 

21 reactions. This serves to show how essential is the need for a 

consistent set of evaluated, energy dependent, microscopic cross-

sections so that meaningful spectrum values are obtained from the 

unfolding of activation foils measurements. Present accuracy of 

such sets is in the range 5 to 20% at the 68% confidence level and 

better consistency and accuracy is required. 

Also for high accuracy spectrum measurements it is essential to 

have foils of high purity and accurate normalization between 

different foil irradiations. This is presently achieved at a level 

between 0.5 and 1%, Ref. (18). 
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Measurement of the 1-ray foil activity, is made with Ge(Li) 

detectors and does not represent a problem in itself for the 

uncertainties of the derived spectrum, since recent inter-laboratory 

experiments have shown, Ref. (19), that for non-fissile materials 

the uncertainties in these measurements are less than 1.5% rising 

for fissile materials to 4%. Nevertheless corrections of the 

measured activity are required for neutron self-shielding for 

individual foil irradiation while for multiple foil irradiation 

schemes, corrections for foil to foil shadowing, neutron scattering, 

neutron absorption and flux gradients become necessary, when there is 

overlap between the response of foils made of different materials. 

The overall accuracy of the technique depends upon the number 

of materials used and the uncertainties in the cross-sections which 

are employed to unfold the experimental results. Results from 

measurements in the E E facility, quoted in Ref. (18), using 15 

reactions covering the neutron energy range from a few KeV to 12.0 

MeV show an accuracy for the derived spectrum of + 5 to + 10% in the 

range 10 KeV to 3 MeV, rising to + 13% at lower energies and to + 18% 

at higher energies. 

1.6 Semiconductor gpectrometers  

Neutron spectrometers employing semiconductor diodes are 

employed for fast neutron spectrometry through either the Li6(n,a)t 

/ 	) reaction or the He3  (n,pjH3  one. In both cases the distribution of 

the sum of the reaction-product energies is measured which equals 

E
n + Q. This distribution must be corrected for background counts 

arising from neutron reactions in Si. Gamma rays present in the 
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experimental environment are another source of background colints 

r if the He3  (n,p)t reaction is used but only affect the energy 

resolution of the spectrometer if the Li6(n,a)t reaction is used. 

The Li6 spectrometers can cover the energy range from 10 L-2V 

to 7 or 8 MeV, if the distribution of the Triton energies is 

unfolded to cover the lower energy part of the spectrum, the sum 

technique being used above a few hundred KeV. 

Although semiconductor spectrometers have small dimensions 

suited for in-core measurements and very good energy resolution 

their use is not extensive due to the fact that construction of 

good surface barrier diodes, which up to now is the type exclusively 

used for energy measurements, has a low success rate coupled with 

their deterioration and eventual breakdown under fast neutron 

irradiation. 

The uncertainties associated with the Lithium-6 spectrometers 

mainly arise from uncertainties in the cross-section of the (no.) 

reaction and for energies higher than a few MeV from poor statistics, 

for fission type spectra. The errors associated with this technique 

from measurements in ZEBRA cores, Ref. (20) are + 15% from 10 KeV 

to 600 KeV, between 5 and 10% in the range 600 KeV to 2 MeV rising 

to + 10% for higher neutron energies. 

1.7 Summary and Discussion  

The medium to long term world energy requirements can be met by 

the expansion in the use of nuclear energy provided that significant 

progress in the field of "radioactive waste" management is made. To 

avoid the depletion of Uranium reserves in the long run and excessive 
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remands for enrichment capacity in the nearer future the use of 

Fast breeder Reactors in a commercial scale should be implemented 

within the next 10 to 15 years. 

Knowledge of the neutron energy distribution in a Fast 

reactor is important in order to derive the information and the 

techniques required for the design and safe operation of such 

reactors. To satisfy the stringent accuracies imposed on measure-

ments of Fast reactor neutron spectra which should cover several 

energy decades, a number of different techniques is employed each 

covering part of the total range, but providing adequate overlapping 

with other techniques for normalization and assessment. 

The most widely used techniques ars the Time of Flight technique 

covering the range from 1 KeV to 100 KeV with an accuracy of + 4 to 

+ 6 per cent, worsening to + 8% up to 300 KeV and the proton recoil 

counters covering the range 30 KeV to 1 MeV with an accuracy of + 

For higher neutron energies the unfolding of threshold 

activation detectors and the Li
6 
semiconductor spectrometer operating 

in the Sum method can be used. The latter is capable to achieve 

the required accuracies, as it will be discussed in following 

chapters, provided that discrepancies in the Lithium-6 (n,a) cross 

section data, especially between 500 KeV and 2 to 3 MeV, are resolved. 

The compact size of this spectrometer and its capability to cover an 

extended energy range with one irradiation are practical advantages 

to be considered against the short lifetime of the diodes employed 

in it. Also it provides adequate overlapping for comparison with 

proton recoil results, and Time of Flight measurements if the 
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Triton or Difference energy distributions (Chapter 5) are 

employed. 

Finally the sandwich foil technique can provide an 

inexpensive and relatively simple alternative to the Time-uf-

Flight technique, for in-core measurements especially for small 

laboratories which do not possess a LINAC. 
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Chapter 2  

The Thermal-Fast Converter Facility  

NISUS 

2.1 The Need for Fast Reactor Spectrum Standards  

The main considerations in the development and design of 

nuclear power plants are,overall economy and safety during operation. 

To ascertain fuel cycle economy and reactor safety, the knowledge is 

required of the neutron reaction rates and safety coefficients related 

to the reactor materials. Computation of these integral parameters 

with the accuracy required,is hindered by the complexity of the 

reactor core and uncertainties in the basic neutronic data required. 

For Fast reactors the extended neutron energy range of interest 

further complicates the problem by drastically increasing the number 

of data required and the possible ways of neutron interactions with 

the reactor materials. To obtain from differential microscopic 

measurements all the basic nuclear data required for the design of 

Fast reactor cores within the specified accuracies and the timetables 

allowed for Fast reactor development, as was mentioned in the 

previous chapter, would be a formidable if not an impossible task. 

On the other hand, in order to achieve with no waste of time 

and effort, the specified accuracies for the measurements of 

integral (e.g. reaction rates) and differential macroscopic 

(e.g. neutron spectra) parameters which supplement the previous 

measurements, there is a definite need for reliable interccmparison 

of techniques, equipment and analysis methods between different 

laboratories. 
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Thus the need emerges for a standard neutron field which 

simulates reasonably well the neutron spectrum inside the core 

of a dilute fast breeder reactor over an energy range extending 

from a few tens of eV up to a few MeV (50 eV to 5 MeV), but with 

no structures in it, like the sodium structure of a Fast reactor 

spectrum. To enable inter-laboratory comparison this field should 

also be permanent and easy to be accurately reproduced in different 

laboratories. Also it should be inexpensive to produce, in contrast 

with zero power mock-up critical assemblies like ZEBRA, so that a 

larger number of laboratories could be involved in Fast reactor 

physics work. 

This concept of a standard neutron field for Fast reactor 

physics work was initially proposed by Fabry and Vandenplas, in 

1967, Ref. (21), and has been implemented by the construction and 

operation of the "Intermediate energy, secondary standard neutron 

field" generating assemblies EE , Ref. (22) and NISUS Ref. (23) 

and (24). Also work is well under way at NBS for the establishment 

of a primary standard (ISNF), Ref. (25). The distinction in 

primary and secondary standards is based on the accuracy of the 

relevant cross-sections of the materials forming the particular 

assembly. For the ISNF assembly the relevant cross-sections for 

the spectral shape are - U-235 fission, B-10 absorption, Carbon 

elastic scattering,which are known to standard cross section 

accuracy, while in the EE and NISUS type facilities the U-238 

capture and scattering cross sections are relevant, which are not 

known to standard cross-section accuracy, hence the characterization 

of the latter assemblies as "secondary".  
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2.2 The NISUS  

The NISUS facility is positioned in a graphite thermal column 

of the University of London Reactor CONSORT. A spherical cavity is 

hollowed out of a 60 cm cube of graphite, and inside this cavity a 

hollow spherical shell of Natural Uranium is positioned, mounted on 

an Aluminium support, Fig. 2.2.1, Ref. (23). 

A well thermalised neutron source is provided in the outer 

cavity by the reactor,through the thermal column. Absorption of 

thermal neutrons by U-235 in the driver (nat.Uranium) shell 

provides the fission source which is in practise confined in the 

outermost 1.5 cm of the natural Uranium shell radius. In that 

way inelastic scattering of the fission neutrons by the inner 

layers of the driver shell, provides in the centre of the inner 

cavity a considerably degraded spectrum, like that of the large 

dilute Fast reactors, peaking at 500 KeV. These neutrons constitute 

the "direct" component of the central spectrum. A second component 

arises from fission neutrons reflected into the natural Uranium 

shell from the graphite surrounding the external cavity. This 

"graphite wall return" component, although marginal above 100 KeV, 

is essentially the only contributor to the central spectrum below 

50 KeV. An increase of the size of the outer cavity with respect 

to the diameter of the Uranium shell decreases the "graphite wall 

return component" while increasing the amount of graphite surrounding 

the Uranium shells increases this component of the central spectrum. 

Nevertheless, computations using the discrete ordinates method, 

Ref. (26), have shown that for graphite thicknesses in excess of 

35 em no changes are observed in the central spectrum, the graphite 
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2cting as an "infinite reflector". This ensures the permanency of 

the central NISUS spectrum and its reproducibility in other 

thermal columns. 

The use of a natural Boron carbide (B40) shell inside the 

natural Uranium shells greatly reduces the neutron densities below 

10 KeV and enables spectrum measurements with Lithium-6 spectrometers 

to be made without the need for discrimination or shielding against 

thermal neutrons. It also ensures that the Pu-239 fission and 

U-238 capture reaction rates mostly take place within the same 

energy range in the Standard spectrum facility and in Fast reactors. 

The dominant component of the gamma ray dose rate in the 

central cavity arises from the fissions taking place in the Uranium 

shells while capture gamma rays produced in the surrounding graphite 

are absorbed by the Uranium shells. The neutron-to-gamma dose-rate 

ratio in the inner cavity is approximately 200:1 and independent of 

reactor power, the Gamma dose-rate at full reactor power (100 Kid) 

being 19 P/hr, and the integrated neutron flux 5.66 x 107  n/(cm2sec). 

This gamma dose rate ensures that Lithium-6 spectrometry can be 

carried out without unacceptable worsening of the energy resolution 

by gamma ray pile-up upon the useful neutron counts. This is 

especially important for the application of the "Triton" technique. 

To enable spectra with different degrees of hardness to be 

obtained a nest of Uranium shells with different diameters can be 

installed. Also, two BkC shells exist with somewhat different 

dimensions and different• densities. The geometrical data for the 

NISUS configurations employed in this work, are given in Table 2.2.1. 
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Table 2.2.1 

Geometric and Ph sical Data for 	 Configurations 1 

Natural Uranium Shells 
for both configurations 

1340 Shells 

Inner dia. 
mm 

Outer dia. 
mm 

Density 
cm3 

No. Inner dia. 
mm 

Outer dia. 
mm 1 	lb 1 	lb 1 	lb 

2 

3 

4 

157.48 

198.12 

238.76 

198.12 

238.76 

254.0 

110 	123.4 144 	157.4 1.49 	1.58 

Thickness of Aluminium cladding of 1340 shells 	1 mm 

Finally, to isolate the facility from the reactor core a 

cadmium shutter is provided which is operated by remote control, and 

is located in a concrete step 35 cm from the cavity centre, in the 

thermal column. Its provision offers operational flexibility since 

it enables tests with pulses from a test pulse generator to be carried 

out with the spectrometer inside NISUS while the reactor is operating 

(e.g. tests between runs at different reactor powers). For loading 

equipment in the central cavity the natural Uranium and B40 shells 

have access holes and graphite plugs suitable for individual 

equipment are employed. 
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To enable the theoretical calculation of the central NISUS 

spectrum using the linear Boltzmann transport equation and to 

ensure its reproducibility at other thermal columns, the one- 

dimensional behaviour of the facility should be ascertained. 

Although the facility itself exhibits spherical symmetry 

the fact that a graphite thermal column is used to provide the 

driver thermal-neutron field, could lead to asymmetric distribution 

of the fast neutrons flux. The existence of the outer cavity reduces 

the thermal flux gradient across the outer diameter of the Uranium 

shells. Experimental mapping of the absolute thermal flux, Ref. (13), 

showed this gradient to be + 11%, across the shell diameter parallel 

to the thermal column, while the thermal flux remained constant 

within 2% across the diameters drawn on the plane parallel to the 

reactor core. 

The combined effects of the thermal flux gradient and wall 

return neutrons upon the fission source in the natural Uranium shells 

and the subsequently calculated central neutron spectral shape have 

been investigated experimentally and theoretically for the EZ facility, 

which is very similar to NISUS, where it was found that the variations 

of the central neutron spectrum, for different fission rate distributions 

corresponding to different cut-off planes, were smaller than 1.5%. Thus 

the one-dimensional behaviour of these facilities is ascertained, and 

any angular anisotropy of the central neutron flux would be independent 

of energy. 

This enables the use of the one-dimensional transport code ANISN, 

Ref. (27), to calculate the central neutron spectrum. The code employs 

the "Discrete ordinates" method to describe numerically the angular 
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dependence of the flux in its special form of the SN  approximation, 

which assumes linear variation of the directional flux between 

interpolation points in the angular and spatial mesh considered, 

Ref. (28), (29). It also includes a truncated polynomial expansion 

of the differential scattering cross sections. The calculations 

have been made using data from the UKNDL library prepared in 

37 groups by the GALAXY code, using 1/fit  weighting. 
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The Lithium-6 Sandwich Spectrometer and  

its Associated Electronics  

3.1 Introduction 

The high energy resolution and excellent linearity between 

incident particle energy and output pulse height, exhibited by 

semiconductor diodes has found extensive use for neutron detection, 

through a (neutron) reaction producing charged particles. 

The use of semiconductor diodes for fast neutron spectrometry 

employing the Li6(n,a)t reaction was first described by Love and 

Hurray, Ref. (30). The neutron sensitive layer is sandwiched 

between two diodes facing each other, and the pulse height distribution, 

of the summed alpha and triton pulses which are detected in coincidence, 

is measured. For a given neutron energy the summed pulse has amplitude 

proportional to (En  4.7863) MeV. A similar spectrometer but with 

the Lib layer replaced by He3  gas, so that neutrons are detected, by 

the He3(n,p)t reaction has- also been designed, Ref. (31) and (32). 

Although this spectrometer for a given resolution has a higher 

efficiency compared to the one employing Li-6, the lower Q value of 

the He-3 (n,p)t reaction and the greater range in Si of the proton 

compared to that of an alpha lead for the He-3 counter to a higher 

background fraction from the neutron reactions in Si. Also, pulses 

from the 7-radiation present in the experimental environment present 

another source of unwanted background, while in the Li-6 spectrometer 

their only effect is a broadening of the energy resolution. The 

background counts represent a major problem for the use of these 



spectrometers at neutron eiler&les in the range of a few MeV and 

for their reduction the use o fast electronics is required, 

Ref. (36) and (20). 

From the distribution of the sum energy of the two reaction 

products a spectrum of adequate resolution can be obtained down to 

1.5 to 2.0 MeV, if the proper background corrections are applied. 

This lower limit can be further reduced to a few hundred KeV if 

resolution unfolding is applied. Results of measurements using 

the sum technique in different fast reactor assemblies are 

presented in Refs. (20), (34), (35), (37). 

To extend the use of these spectrometers at lower neutron 

energies the pulse height distribution of the triton induced counts 

is recorded, simultaneously with the sum counts distribution. 

Unfolding of this distribution according to a response matrix 

derived by the reaction Kinematics, provides information for the 

neutron spectrum from 10 KeV up to 200-400 KeV, Ref. (33), (38), (39). 

Although there is no significant background contribution to the 

triton peak at energies higher than 2.73 MeV (triton energy for 

thermal neutrons), results from the analysis of this distribution 

are affected by uncertainties in the angular distribution of the 

reaction products and a background of alphas and tritons arising 

from neutrons with energies higher than the maximum energy considered 

for the analysis. Thus although the triton energy exhibits a higher 

energy resolution over the sum energy for neutron energies lower 

than 500 KeV, the results from the triton distribution analysis 

mainly serve to normalise the sum distribution results to the results 

of other methods which cover the lower energy range of the spectrum. 
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Before proceeding to describe the operation of the spectrometers 

and the associated electronics, it is considered necessary to describe 

the basic unit of these spectrometers, the surface barrier diode, and 

its operation. 

3.2 The Semi-conductor Surface Barrier Diodes  

The surface barrier diodes for the Li-6 sandwich spectrometers 

used in these measurements were manufaCtured by the Radiation 

Detectors Group of AERE Harwell, except for those contained in 

spectrometers 674 and 675 which were made by 20th Century Electronics. 

They are made from slices of n'-type silicon monocrystal, Ref. 

(40) which after lapping and chemical etching, so that a smooth and 

damage free slice is produced, are exposed to clean and dust free 

air. Spontaneous oxidation results in the formation of a thin 

inversion layer on the slice surface, upon which a rectifying contact 

is made by evaporation in vacuum of a thin metallic layer, with work 

function higher than that of Silicon., For the diodes used in these 

experiments the rectifying contact was made by evaporating an 

80,/pgq/cm2  thick, gold layer. The back contact is an ohmic one, 

not permitting the injection of minority charge carriers in the 

crystal. To that effect a phosphorus layer is thermally diffused 

on to the back surface of the crystal. 

The operating principle of the surface barrier diodes is based 

on the electrostatic potential difference established at the junction 

between a metal and a semi-conductor through the diffusion of charge 

carriers across their junction, so that a common Fermi energy value 

is established in both materials, Ref. (41). 



In that sense, these diodes function like the diffused (n-p) 

junction diodes, where the nonuniformity of the charge carrier 

distribution between the two sides of the junction initiates the 

diffusion of charge carriers through it towards regions with a 

lower density for this type of charge carriers. 

This diffusion process gives rise to a potential difference 

between the two regions adjacent to the junction, opposing further 

diffusion of charge carriers. When equilibrium is reached this 

potential difference settles at a value between 0.5 and 0.7 V for 

Silicon. 

The application on the diode of an external field biasing 

the n-type region positive, "reverse-bias" mode, further enhances 

the built-in-field creating, on either side of the junction, a 

region depleted from charge carriers and with a very high resistivity. 

This high resistivity ensures a low background current through the 

depleted region where bias is applied, so that power and noise 

generation are kept low. 

The thickness of the depleted layer in the two regions is 

inversely proportional to their impurity concentration, Ref. (41). 

Considering the purity of the Silicon crystal this means in practise 

that the whole of this layer lies in Silicon, its thickness being: 

D = [2E o  EPe  • CV + V
0) pn]i 
	

(3.2.1) 

where k = 60E is the dielectric constant of the crystal 

Pe 
is the electron mobility in cm2  /(V-sec) 

p is the Silicon resistivity in Q-cm 



V is the applie6 bias in V 

V is the equilibrium, built-in, voltage in V 

Using ce  = 8.86 pF/m, pe  = 1350 cm2/(V -sec), c = 12 for Si, 
it is found: 

D = 0.53 (PV)1  microns 	 (3.2.2) 

Since the resistivity of the depletion layer is much higher 

than that in the bulk of the crystal, there is a very small voltage 

drop outside the depletion layer, so that virtually the whole of 

the applied voltage appears across the depletion layer. The 

electrical equivalent of the diode will then be a capacitor with 

parallel plates at a distance equal to the depletion layer thickness 

and with Silicon as a dielectric, its capacitance being given by: 

eco 
D = 1.06 -b- [pF) 

Charged particles entering the depletion layer loose energy, 

through ionisation, producing pairs of charge carriers (electrons-

holes) which are consecutively separated by the applied electric 

field and collected at the electrodes. Thus from the point of 

charged particle detection these diodes constitute the solid-

state equivalent of the gas ionisation chambers, with the added 

advantage of inherently having higher energy resolution, due to the 

lower amount of energy required for the formation of an ion pair in 

solid materials. For 	this constant is equal to 3.65 eV 

compared to 36.6 eV for hydrogen. 

(3.2.3) 
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3.3 The Spectrometers Enid the Associated Electronic S stem 

In each spectrometer two surface barrier diodes mounted on 

thin stainless steel trays are fixed at a distance of 1 mm with 

their depletion layers facing each other. One of the diodes 

carried the neutron sensitive LIP layer, enriched in Li6, which 

was evaporated on its front surface. The spectrometers employed 

for the background measurements contained diodes made from the same 

Silicon batch with those employed in the foreground measurement but 

without LIP. 

The diode sandwich is contained in a stainless steel can which 

is evacuated after the insertion of the diodes, through a stem which 

is afterwards sealed so that the diodes operate in vacuum and the 

reaction products do not suffer any collision in the gap between 

the diodes. The outer can diameter is 3.6 cm and its height 2.5 cm. 

The characteristics of the spectrometers employed in the NISUS 

measurements are given in Table 3.3.1. The thickness of the Silicon 

diodes is approximately 400 microns. . 

Table 3.3.1  

Characteristics of Li6 Sandwich Spectrometers  

Pair No. Ident. Manufacturer 
Silicon 
resistivity 

a-cm 

LiF 
thickness 

pg/cm2  

Radius 
Diode 

cm 

LIP 

cm 

675-N 20th Century 1200 40 

r•-
 c,
 cs-
 c,  c

o
 co 

d
O

c
3
8
8

,3  

0.6 
1 674-B ii 1200 no Lif 0.6 

2 
01-N Harwell 1200 40 0.6 

11-B it 1200 no LIf 0.6 

3 
03-N il 3200 120 0.7 

05-B i,,! 3200 no Lif 0.7 
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FIG. 3.3.1: THE SAD (P)  SPECTROMETER (ct-) )  
ACID THE DETEcTioN pRNCIPLE. (b) 

 

   



In the spectrometers manufactured by 20th Century Electronics 

each diode had a guard ring, of amine-free epoxy resin doped with 

iodine, applied prior to the evaporation of the gold layer on the 

diode surface. The purpose of this ring is to prevent breakdown 

at the edge of the gold electrode because of the space charge layer 

present on the Silicon surface, Ref. (12). Although the Harwell 

made diodes did not carry such an edge protection no difference was 

observed in the performance of these diodes since the diodes were 

not used if their leakage currents exceeded 2 AA. Considering 

the uncertainties concerning the durability of the epoxy resin to 

silicon junction and the addition of a hydrogenous material near 

the neutron sensitive layer, this edge protection should be avoided. 

The electronics system employed in these measurements has been 

developed at AEE Winfrith and used for measurements of ZEBRA spectra 

by Rickard, Ref.(20). A block diagram of the system is shown in 

fig. (3.3.2). The main developments achieved by the use of this 

system are: 

(a) The use of a transistorised cylindrical head amplifier 

with small dimensions to allow its positioning near the 

spectrometer, thus eliminating the need for long leads 

connecting it to the diodes. The resulting reduction in 

the input capacitance seen by the main Amplifier, increases 

the resolution of the amplitude of the output pulses. 

(b) A low level discriminator set at 200 KeV approximately, 

preceded by a 50 ns delay line differentiation, provides 

an accurate timing pulse for the coincidence measurement, 

reducing the time-walk which would be introduced by the 
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processing of pulses with different amplitude and rise 

time, by a high level discriminator (>1.0 MeV). 

A high level discriminator is still employed to 

determine the neutron pulses to be processed. The use 

of this two discriminator timing system makes possible 

the use of coincidence resolving times lower than 100 ns. 

(c) Gamma rays present in the experimental environment of NISUS 

with energies in the range 150 KeV to 5 MeV, interacting with 
Si produce Compton electrons depositing in the depletion layer 

an energy in the range of a few hundred KeV. To reduce pile-

up from these counts upon the neutron counts which effectively 

means a worsening of the energy resolution an anti pile-up 

logic circuit is employed. 

Since this system is triggered only by pulses exceeding 

the low-level discriminator setting, pulses corresponding to 

energy deposition in the depletion layer lower than 200 KeV 

are not rejected by the anti-pile up circuit. These pulses 

superimposed on the useful neutron pulse in the linear gate 

and integrator unit worsen the resolution of the system and 

produce a high energy tail. 

The effect of the y -environment in NISUS at different reactor 

power levels, on the distributions to be measured,has been assessed 

through the distortion in the response of a test pulse. As can be seen 

from fig. 3.3.3 and Table 3.3.2 at 15 KW reactor power Y -rays have 

virtually no effect on the test pulse response, apart of a small 

worsening in resolution, while at higher reactor powers both phenomena 
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previously mentioned appear. Since the measured resolution at 

30 KW is comparable to the spread in a monoenergetic triton peak 

at 2.73 MeV due to energy losses in the dead layers prior to 

detection, and is twice that amount for 60 KW reactor power resulting 

is a 11411M for the triton distribution of 85 KeV, 60 KW was the 

maximum reactor power used. 

Table 3.3.2  

Effect of Gamma Rays on Resolution  

Reactor power 
KW 

y -dose 
R/hr 

Resolution (FWEIM) 
KeV 

15 5.4 19 

30 6.7 42 

60 13.4 82 

To prevent base line shift introduced by high counting rates in 

the presence of I -fluxes, a direct current base line restoration 

system is employed. Measurements of test pulse peaks at different 

reactor power levels showed no systematic shift of the peak channels. 

The use of the pile-up rejection circuit and the d.c. base-

line restoration system, would prove very useful not only against 

I-ray background pulses but also for measurements of spectra with 

large neutron densities at thermal energies where the cross section 

of the Li-6(n,a)t reaction has a value of 943 barns. 	In the 

NISUS measurements the presence of a B40 shell did prevent such a 

case, but during measurements carried out in thermal columns to 
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establish the stability of the back-bias under different counting 

rates, these systems preventeel pile-ups and changes in calibration 

through base line shift. 

3.4 Pulse Shaping and Setting  of Electronics  

The high level discriminator, of the measuring system described 

in Section 3.3, is set to allow through all pulses produced from 

the Li-6 (n,a)t reaction. The mitlimum possible product energy is 

1.6 MeV for the alpha product from a reaction induced by a 1.592 MeV 

neutron (Appendix A). Allowing for the energy losses in the LIP 

and gold layers the discriminator is set at 1.35 MeV. The linear 

gate and integrator width for optimum resolution in the presence of 

I -fluxes was set at 1 As. 

Prior to deciding on the appropriate pulse shaping which will 

take place in the main Amplifier the formation of pulses in the 

diode depletion layer should be considered. 

A pair of charge carriers created at a depth d from the diode 

surface are separated under the influence of the applied external 

field travelling towards the respective electrodes. 

According to the energy conservation principle to compensate 

for the work required to move the charge carriers a charge is 

induced on each electrode proportional to the distance travelled 

by the charge carrier. Assuming that the mobilities of the 

electrons and holes remain constant within the depletion layer 

depth, it is found that the build-up of this charge pulse follows 

equation 3.4.1 for the electrons and eq . 3.4.2 for the holes in 

the case of n-type Silicon base, as it is in surface-barriers. 
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where W is the depth of the depletion layer and Te  and Th  is the 

time required by the electron and hole respectively to travel 

distances (W d) and d till they reach the electrode of opposite 

sign. These are equal to (W2/2p elr) and (W2/2P hV) respectively. 

From equations 3.4.1 and 3.4.2 it can be seen that the electron 

induced pulse reaches its maximum value at t÷ co , while the hole 

has a finite collection time. 

In the case of the ionization produced by a charged particle 

the total charge pulse induced on the electrodes is formed by the 

superposition of pulses from individual charge carrier pairs 

produced along the path of the charged particle. Calculations of 

the time dependence of the output pulse and its rise time made by 

Frank et al, Ref. (43) and earlier by Tove and Falk, Ref. (44), 

have shown that for charged particles entering through the front of 

the diode, the shape of the charge pulse is dominated only by the 

collection of one type of charge carriers which for n-type Silicon 

diodes are the electrons. This can be easily explained if the 

range of the charged particle is much smaller than the thickness of 

the depletion layer so that the holes can be considered to be 

collected by the negative electrode (gold) immediately after their 

creation. In that case the charge pulse could be found by integration 

of equation 3.4.1 over the particle range, assuming a constant 

ionization rate along the particle pathlength. Thus: 
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AQ = Q11 - exp (-t/Tdi 	 (3.4.3) 

= q(1.1  
dx 3.0 

For the diodes used in this work the depletion layer depth, for 

a 100 V bias, are according to equation 3.2.2: 

p = 1200 
	

W = 185 microns 

p = 3200 n -cm 	W = 300 microns 

The ranges of alphas and Tritons in Silicon for different 

particle energies calculated according to Appendix B, are given 

in Table 3.4.1. These values are in good agreement with a calculation 

made by Skyrme for particle energies higher than 3.0 MeV, Ref. (45) 

and data given in Ref. (48). From this table and the depletion 

layer depths calculated above it is seen that the requirement 

R < W is satisfied for all alpha particles in the energy range of 

interest (;.510.0 MeV) and by tritons with energies lower than 7.0 

MeV which is the maximum triton energy to be expected from a 

reaction induced by a 4.0 MeV. This range comprises the great 

majority of tritons produced by an irradiation of the spectrometer 

in the NISUS spectrum. Thus equation 3.4.3 can be considered to 

be repreSentative of the shape of the charge pulses induced on 

the diode electrodes by the arrest of the reaction products in 

the depletion layer. 

Since the electrical equivalent of the diode is a capacitor 

with flat electrodes and no pulse shaping takes place in the pre- 

Amplifier, the shape of the voltage pulse which constitutes the 
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Table 3.4.1  

Ranges of alphas and Tritons in Silicon  

Particle energy 
Range of alpha Range of Triton 

(MeV) gm/cm2  am gin/cm
2 am 

0.0989 0.2358E-3 0.1012E-3 0.4513E-3 0.1940E-3 

0.3000 0.4584E-3 0.1967E-3 0.95121 -3 0.4082E-3 

0.5911 0.7201E-3 0.5090,5 0.1681E-2 0.7214E-3 

1.0294 0.1107E-2 0.4751E-3 0.2953E-2 0.1267E-2 

1.4901 0.1538E-2 0.6601E-3 0.4546E-2 0.1951E-2 

2.0281 0.2087D-2 0.8957E-3 0.6736E-2 0.2891E-2 

2.4401 0.2544E-2 0.1092E-2 0.8649E-2 0.3712E-2 

3.0276 0.3251E-2 0.1395E-2 0.1280E-1 0.3493E-2 

3.5321 0.3915E-2 0.1680E-2 0.1591E-1 0.6828E-2 

3.9955 0.4601E-2 0.1975E-2 0.1898E-1 0.8146E,2 

4.5198 0.5421E-2 0.2327E-2 0.2272E-1 0.9751E-2 

4.9576 0.6146E-2 0.2638E-2 0.2604E-1 0.1117E-1 

5.9647 0.7945E-2 0.5410E-2 0.3440E-1 0.1476E-1 

0.9586 0.9902E-2 0.4250E-2 0.4359E-1 0.1871E-1 

8.1180 0.1241E-1 0.5326E-2 0.5284E-1 0.2268E-1 

8.9044 0.1424E-1 0.6111E-2 0.6425E-1 0.2757E-1 

10.0728 0.1717E-1 0.7369E-2 0.7835E-1 0.3362E-1 

11.0486 o.1979E-1 0.8495E-2 0.9105E-1 0.3908E-1 

12.1189 0.2286E-1 0.9811E-2 0.1060E+0 0.4549E-1 
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input to the main Amplifier could be considered to be the same 

with that given by equation 3.4.3 in a simplified model. For an 

/ electron mobility of 1350 cm 2AV.sec) and 100 V bias the value of 

T
e 
is 1.3 ns for 1200 a-cm diode resistivity rising to 3.7 ns for 

3200 a-cm resistivity, giving for the rise time of the voltage 

pulse, which according to equation (3.4.3) would be equal to 2.2 Te, 

2.86 ns and 8.14 ns respectively. These values are in accordance 

with values obtained from the nomogram of Ref. (44) and quoted in 

Ref. (43), if the particle range in Silicon is smaller or equal to 

the depletion layer depth. 

If RC differentiating and integrating circuits are employed for 

pulse shaping in the main amplifier the following points should be 

considered: 

(a) For optimum signal to noise ratio the time constants of 

the differentiating and integrating stages must be equal. 

(b) To avoid clipping of the input pulse amplitude by the 

differentiating stage because of charge accumulation by 

the capacitor while the rising part of the signal is being 

processed, Ref. (46), the time constant of the shaping circuits 

must be several times higher than that of the detector. 

(c) If conditions (a) and (b) above are satisfied, and 

T = T.
Int. 	dif 

= T 	>> tie, the output pulse from the integrating 

stage would have ti- same exponential rising part as the input 

pulse, with a rise time equal to 2.2T. 

(d) Tests carried out with thermal neutrons have shown that the 

worsening on resolution for a given Y-dose is reduced when the 



- 57 - 

shaping constant is greater than - of the width of 

the linear gate and integrator, which was set at 1 p  s 

for the measuring system employed here. 

If the shaping circuit constant is set at 0.5 As to satisfy 

(d) above, then the rise time of the output pulse from the main 

Amplifier would be 1.1 ps according to (c). In that case true 

coincidences would be lost when alphas of low energy are detected 

in one of the diodes. The timing signal from the low level 

discriminator of this side, will be delayed due to time walk on 

the high level discriminator introduced by the large rise time of 

the shaped pulse. To avoid this effect the time constant of the 

shaping circuits should be drastically reduced to the order of a 

few tens of nanoseconds. Such a situation will no longer represent 

an optimum for the energy resolution if the differentiating RC 

circuit is used since it would increase the duration of the shaped 

pulse. 

For this reason the differentiating stage was replaced by a 

single delay line, followed by the RC integrating circuit. There 

is no need for double delay line shaping, since good timing for the 

coincidence counting is provided by the use of the low level 

discriminator. With single delay line shaping the falling part 

of the output pulse follows an exp(-0) shape, returning to the 

baseline in much shorter time and no problems of pulse height defects 

arise, if the time constant of the integrating stage is reduced to 

give a faster rising pulse. 

The amplifier 95/2153-1/6 of the 2000 series system, offers the 

possibility of single delay shaping in addition to RC shaping and is 



-58_ 

compatible with transistorised head amplifiers Ref. (47). 

A simple calculation based on the relation 

Eout(t) 	B. [1 - exP( -t)3 

for the time required for an output pulse with energy amplitude 

n to reach the 1.35 MeV threshold of the high level discriminator, i 

for different values of the integrating circuit time constant, gives 

the results of Table 3.4.2. 

Table 3.4.2  

Time (ns) for the output pulse to reach the  

1.35 MeV. discriminator level,  

M v) 

T(ns) 1.5 1.8 2.0 2.5 3.0 160 5.0 

20 48 28 23 16 12 8 6 

30 72 42 34 24 18 12 9 

50 120 70 . 	57 40 30 20 15 

These values indicate that for T = 50 ns and a coincidence 

resolVing time of 50 ns, low energy ( < 1.7 MeV) pulses will not 

produce a coincidence count with their higher energy counterparts 

which are detected by the other diode. 

This effect was verified experimentally by irradiating the neutron 

spectrometer in the thermal column and measuring the alpha, triton and 

sum peak energy distributions under different settings of the 
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amplifier and coincidence units. For a coincidence resolving time 

of 100 ns no appreciable changa was observed between the distributions 

measured with a 20 and 30 ns time constants on the integrating 

circuit of the Amplifier. Increasing this time constant to 50 ns 

resulted in a lower coincident count rate and a reduction in 

counts at the lower energy side of the alpha peak. These runs were 

repeated with a 50 ns coincidence resolving time, this difference 

in the alpha peak shape was more marked. The distributions 

obtained with a 50 ns coincidence resolving time are shown in 

fig. 3.4.1 and 3.4.2, and the coincident count rates are given in 

Table 3.4.3 (counts per minute). 

Table 3:ALI 

Coincidence count rate for different settings  

of the shapins and  coincidence constants 

Coinc. Res. time 

(ns) 

Integrating circuit time constant (ns) 

20 30 	
1 50 

100 34704+186 34'0,2+185 32122+179 

50 34667+186 34405+185 32237+179 

20 34750+186 34488+186 32010+179 

Since the minimum possible value for the time constant of the 

integrating circuit was 20 ns and according to Ref. (47) this value is 

not well defined as it represents the unrestricted rise time of the 

amplifier the 30 ns value was selected, which exhibited no difference 

for the distributions measured in the thermal column. Also this value 

exceeds the detector rise time as found at the beginning of this•

section by a factor between 3 and 5. 
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EIRELMI 

Measurements of NISUS Spectra Using Lithium-6  

Spectrometers Operating  in the Sum and Triton Modes  

4.1 Introduction  

One of the objectives in the use of standard neutron fields is 

the development of techniques for Fast reactor spectrum measurements. 

On the other hand the experimental determination of the neutron 

spectrum inside the standard facility is essential for the validation 

of computer codes and differential data used for the theoretical 

evaluation of the neutron spectrum. It also helps towards the 

explanation of discrepancies between experimental and theoretical 

evaluations of other neutronic parameters of interest in Fast. 

reactor physics. 

The gamma environment in NISUS being suitable for the use of 

semiconductor spectrometers, the Lithium-6 sandwich spectrometer 

operating in the Sum and Triton modescon'A be used to measure the 

NISUS neutron spectrum between 10 KeV and 7 or 8 MeV. The detailed 

investigation of factors affecting the accuracy of the technique and 

the comparison with results obtained by other experimental methods 

in a clean facility, as NISUS ic, would result in a better application 

of the Lithium-6 spectrometers for measurements of Fast Reactor 

spectra. 

4.2 Feasibilit of S ectrum Measurements in NISUS usin 

thcL-.-..'i=§CS17a71e ter. 

The possible reactions between neutrons and Lithium-6 are listed 

in Table 4.2.1, together with their Q values and threshold energies. 
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In the energy region below 1.7 MeV the only possible reactions are 

elastic scattering, (n,a) and (n,y). Since the cross-section of the 

(n,y) reaction is smaller than that for the (n,a) by a factor of 

10' to 10 , Ref. (49), the only practically possible absorption 

reaction in this range, is the (n,a) one. At higher neutron 

energies inelastic scattering becomes possible, mainly through the 

I&-6(n,n')a-d reaction and at even higher energies (En> 3.185 MeV), 

(n,p) absorption is also possible. The cross sections of these 

reactions are shown in fig. (4.2.1). 

Table 4.2.1  

Neutron reactions with Li-6  

Reaction Q(MeV) Threshold energy 

Elastic scattering 

Li -6(n,7) Li-7 7.252 Exothermic 

Li-6 (n,a) t 4.786 Exothermic 

Li-6 (n,p) He-6 -2.733 3.185 
Li-6 (nos) a-d 	inelastic -1.471 1.718 

Li-6 (n,n*) 
Li6*  scattering 

-0.365 *10 -5  4.158 

These reactions could distort the measured distributions in 

two ways: 

(a) Production of two charged particles, which if detected in 

coincidence could produce a parasitic count 

(b) Neutron scattering in the LiF prior to (n,a) absorption could 

affect the measured distributions by distorting the spectrum 

to be measured. 
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From fig. (4.2.1) it can be seen that the cross sections of 

the scattering reactions are comparable with that of the (n,a) 

reaction for neutron energies higher than 30 KeV, while (n,p) 

absorption could interfere above 4 MeV. Nevertheless the positive 

and high Q value of the (n,a) reaction and the negative Q. values 

of the other reactions differentiate the counts produced by the 

coincident detection of charged particles from the (n,p) and (n,n')a-d 

reactions from those produced by the (n,a) reaction while the thinness 

of the LiF helps to avoid spectrum distortion through scattering. 

For a sum count from the (n,p) reaction to be registered in the 

same channel with a sum (Ea+Et) count from the (n,a) one, the energy 

difference between the neutrons inducing the (n,a) and (n,p) reactions 

respectively should be 7.519 MeV (=011,a  - 0 ), and the minimum lwp 

possible energy for a neutron to produce an unwanted (n,p) pulse in 

the energy region of interest for the Ea+Et  distribution should also 

be 7.519 MeV. The ratio of the (n,p) produced counts over the (n,a) 

ones measured in the same channel would be: 

4,(En  + 7.519) 6
nt2 

 (E
1 
 + 7.519) 

Cn,a 	ell. (En) 6(En) 

For a NISUS type spectrum with a steep flux gradient at high 

neutron energies and for the reaction cross sections varying as shown 

in fig. (3.2.1) this ratio is of the order 10-4  to 10-3, and the 

(n,p) reaction poses no problem for the sum counts distribution. 

For the triton technique the low energy boundary for the 

distribution to be analysed is 2.73 MeV. Considering that the 

particle detected by the other diode should have an energy higher 
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than 1.4 MeV to satisfy the high level discriminator and produce 

a coincident count, a minimum neutron energy for the production of 

an interfering count from the (n,p) reaction, of 6.863 MeV 

(= 2.73 1.4 + 2.733) is required, while the neutron energy 

difference between neutrons producing counts from the (n,a) and 

(n,p) reactions in the same channel, should be greater than 6.863 

MeV. Thus again these counts will be a negligible fraction of the 

total counts measured in all channels above 2.73 MeV. 

For the reaction Li-6 (n,n')a-d the energy available for the 

charged particles would be the difference between the energies of 

the impinging and secondary neutrons minus the reaction Q value. 

Considering an "evaporation" law 

N(v) = 	 exp (- 
T - 

for the energy spectrum of the secondary neutron, the most probable 

secondary neutron energy would be equal to T. Table 4.2.2 gives for 

primary neutrons with energies in the range 1.718 MeV (threshold) to 

14 MeV the values of T, according to Ref. (49) and the secondary 

neutron energies at which the evaporation spectrum has half its peak 

value. For a primary neutron energy En, the maximum possible energy 

to be shared between the alpha and deuteron products of the reaction 

is defined as 

max 	n = E 	E'mm  .n  1.471 (MeV) 

where Eimin is the lower boundary of the range in column 3 of Table 

4.2.2 corresponding to E. Then for a possibility to exist for both 

charged particles to satisfy the high level discriminator threshold 

(4.2.1) 
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at 1.35 MeV, it must be max 	2.70 MeV giving for Ea  according 

to equation (4.2.1) and Table (4.2.2) a minimum value of 4.4 MeV. 

Table 4.2.2  

Secondary neutron energies  from the Li-6 n 	a-d  reaction 

Primary Neutron energy 

(MeV) 

T 

(MeV) 

Energy range for 
N(E9 > 0 5N . 	max  

(MeV) 

1.718 0.050 0.011 = 0.135 

4.786 1.080 0.250- + 	2.900 

5.000 1.182 0.275 + 3.165 

8.00c 2.720 0.495 	• 	7.250 

10.000 3.64o 0.834: 	9.750 

14.000 5.513 1.280 i-  14.750 

For a count from this reaction to interfere with the distribution 

of the sum, (Ea  + Et), counts from the (n,a) reaction this lower limit 

must be raised to 5.1 MeV so that the maximum sum of the alpha and 

deuteron energies can exceed 4.786 MeV, and the (n,n')a-d counts 

registered in a channel corresponding to energy 

S = E
n 
+ 4.786 MeV 
	

(4.2.2) 

would be 

cn,n1(s)  = f 4)(E) a. 11  (E) N(E',E)dE 3. 
E
n . 
min 

(4.2.3a) 
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with 	En . = S + 1.471 + zomin  (En ) 
min 	min 

and 	Eln 	= E - 1.741 - 	. 

The counts in the same channel produced by the (n,a) reaction would 

be 

Cn,a(S) = 40(En) a(En) 	 (4.2.4) 

Since N(E',E) is smaller than (eT(E))-1, if the latter is used to 

evaluate Cfin it would result in a more pessimistic value for the 

ratio Cn,n°/C • Evaluating equation (4.2.3)(a) under this 

assumption for N(E',E), over constant flux energy groups, with a 

maximum neutron energy of 14.0 MeVlusing the theoretical fluxes, 

it is found that even for neutron energies (Ed higher than 4.0 MeV 

C11,10(S) is smaller than 0.5% of Cn,a(S)  and can be safely ignored. 

Neutron scattering in the LiF could interfere with the spectrum 

measurement only when the scattered neutron is absorbed by Li-6. 

As shown previously only (n,a) absorption needs to be considered for 

this type of spectra. Assuming that neutrons enter the LiF only 

through its bases, which is justified since R.>> d, and an isotropic 

neutron field, then the pathlength in LiF of a neutron travelling 

along a direction with a polar angle 9 from the spectrometer axis 

would be: 

1 =  cos 8 
9/ ,00 

9  = 900 

(4.2.5) 

(b) 

(0) 
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where d is the thickness of the LiF and R its radius. Consequently 

the probability for a neutron to- undergo scattering would be: 

P
s 
(cos e) = 

nd 
cos 0 [1 - exp(- 	 

cos 0 )3  
(4.2.6) 

Since d << 2R and R is of the order of a few millimetres, while 

E
s 	

-1 
reaches a maximum value of 0.433 cm at the 247 KeV resonance it 

is: 
E d 

P (cos e) Z. cos e 	s cos 0 - E s (4.2.7) 

The scattered neutrons would also belong to an isotropic neutron 

field and their pathlength in LiF would be equal to dicos Gs, 

where ds 
is smaller than d because of the distance travelled in LiF 

by the primary neutron prior to scattering. The probability of an 

(n,a) reaction induced by a scattered neutron of final energy E' 

would be: 

PIn,a (s') = f 	[1 - exp(- 
ds, 2R 

E n (E').d 
a 	s 

cos dcos9 

E na(Et) ds 	d < E n,a(E')  d In d2R  
, 	s 

And the (n,a) reaction rate at energy En, induced by neutrons with 

initial energy E which first have undergone scattering by Lithium-6 

would be: 

(4.2.8) 

R!nla) (En) = E s(E).d.43(E).P(E ÷ En).ptnia)(En )dE 	 (4.2.9) 

which according to equation (4.2.8) is smaller than: 
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R (111a)  (E ) < E(nin) n  (E).42.1n -211  f (E)4(E).P(E En)dE n  d 	s 

giving for the ratio: 

R  (n,a)(E 1 
< 2R 1 s 	ni  d.ln --d- • 1)-7-7 E  . fE s 	n  (E)4(E).p(E E)dE 

R(nla)(En)  
(4.2.10) 

From Table 4.2.2 it can be seen that neutron upscattering is 

not practically possible in the range below 14 MeV, which means 

that the integral in (4.2.10) can be evaluated from Eh  upwards. 

From the same table it can also be seen that inelastic scattering 

results in secondary neutrons with energies higher than 10 KeV, 

thus for En <10 KeV only elastic scattering has to be considered 

Oa a). \ for Rs 	kEn). Elastic scattering of a neutron with energy E by 

Lithium-6 produces a neutron with energy in the range 0.51E to E, 

thus the maximum energy (E) which needs to be considered for 

En < 10 KeV is E = 20 KeV. In the range below 50 KeV, E is 

constant and equal to 0.043 cm-1. For d = 120 mgq/cm2  and R = 0.7 cm, 

inequality (4.2.10) becomes: 

R(n'a)(E) 	En/0.51 

11 
	 < 2.05*10-5 1 	f 4,(E) P(E EddE 
(n,a)(En/ 	En E 

n 

which gives for the theoretical NISUS spectrum, that the ratio is 

smaller than 10-7  even if P(E 4'11.) 1. 
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For energies higher than 10 KeV the integral in (4.2.10) was 

evaluated with boundaries E
n 
to 14 MeV P(E-4-E

n
) = 1. Even with 

these pessimistic assumptions it was found that for En  up to 8.0 MeV 

it  is Rs(n,a)(E
n)/11(na)(En) <2*10-4. Thus scattering by Lithium-6 ,  

can be safely ignored in measurements of NISUS type spectra even for 

the higher neutron energies. 

Although neutron reactions with Lithium-6, other than Li-6(n,a)t 

do not interfere with the coincident counts from the latter, there 

is another source of background counts to be considered, which 

greatly affects the measured distribution. These are counts 

resulting from neutron reactions in Silicon. Table 4.2.3 lists the 

isotopic abundances and reaction Q values for neutron absorbing 

reactions in Silicon. 

Table 4.2.3  

Data for neutron reactions in Silicon 

Isotope Abundance 
% 

Reaction Q-value 
(MeV) 

Si-28 92.21 ri,p)A1-28 -3.857 
nA)Mg-25 -2.655 

Si-29 4.70 1.1,114g-26 -0.036 
n,p A1-29 u2.980 

Si-30 3.09 11.1114g-27 -4.213 
n,p -8.070 

, 	, . 

The most important of these reactions are the Si-28(n,p)A1-28 

and Si-28(n,a)Mg-25 ones, given the isotopic abundance of Si-28. 

Considering the mass difference between the reaction products almost 
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all of the available energy, En  Q, is taken by the charged 

particle, while the heavy ion carries away a very small amount of 

energy and will be stopped before reaching the depletion layer in 

most of the cases. Hence for a pulscoroduced in the Silicon bulk 

of the diodes, to be allowed through the coincidence circuit the 

charged particle produced by the reaction should deposit enough 

energy in the depletion layers of both diodes to satisfy the high 

level discriminator threshold of 1.35 MeV. 

The energies of the proton and alpha products from the Si-28 

reactions, for a neutron energy 	are are 0.86(En-5.857) and 

0.96(En-2.655) MeV respectively. Thus to satisfy the discriminator 

threshold at each diode, neutron energies in excess of 7.1 and 5.56 

MeV are required. In addition to the much larger volume of Silicon 

in the spectrometer compared with the LiF, at these energies the 

Silicon (n,a) and (n1p) reactions have cross sections higher than 

that of the Li-6(n,a) reaction, so that the background coincident 

counts produced as mentioned before could be of importance. 

One factor to our advantage again is the positive and high 

Q-value of the Lithium reaction, so that for a Silicon reaction to 

produce a coincident count in the same energy range as the (Ea+Et) 

counts from the Lithium reaction, the minimum energies for the 

impinging neutrons should be 9.4 and 7.6 MeV for the Si-28(ni p)-and 

Si-28(n,a) reactions respectively. 

Calculations made by Rydin, Ref. (50), for fission type spectra, 

a discriminator setting of 1.6 MeV and a depletion layer depth of 

260 microns (N 60 mg/cm2  of Si) showed that these background counts 

constitute a non negligible fraction of the coincident Li-6 counts, 
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at high energies, the main contributor being the (nip) reaction. 

The spectrum at the centr:1 of NISUS, as shown by theory, 

exhibits the same steep flux gradient with the fission spectrum 

for neutron energies higher than 7.6 MeV, so that the effect of 

the background Silicon counts is expected to be similar to that 

predicted by Rydin. Nevertheless the shape of the background counts 

distribution depends also upon the thickness of the depletion layer 

especially at the region higher than 7 MeV. In this region the sum 

counts from the Li-6(n,a) reaction decrease rapidly due both to the 

fall in the cross-section and the neutron spectrum, while an increase 

of the depletion layer thickness results in a slower fall of the 

background distribution. On the other hand the depletion layer 

thickness must be high enough to stop the higher energy tritons 

produced by the Li-6(n,a) reaction for high energy neutrons (see 

Table 3.4.1). 

For these reasons the effect of the depletion layer thickness 

on the background counts distribution must be measured in NISUS to 

ascertain the feasibility of meaningful results at high ',utron 

energies. According to equation (3.2.2) the thickness of the 

depletion layer is proportional to the square root of the Silicon 

resistivity and the applied bias. Since the bias is set in connection 

with the amplifier constants for noise reduction, diodes with 

different resistivity can be used to monitor this effect. The 

background counts distribution has been measured with spectrometers 

not containing LiF, with diodes having resistivities 1200 a-cm 

and 3200 S  -cm which for 100 V bias, give depletion depths of 185 

and 300 microns respectively. The measured distributions, normalised 
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to the 3200 Q-cm results, are shown in fig. (4.2.2) together with 

the total distribution measured with a spectrometer containing 

3200 Cl-cm resistivity diodes and a 120 pgm/cm2  LiF layer. From 

this figure it can be seen that th(J background would constitute 

20-30% of the total sum distribution counts in the neutron 

energy range above 2.0 MeV for the 3200 Q-cm diodes, even if the 

thickness of the LiF layer is 120 1-1 g/cm2. Using a 40 ligm/cm2  

layer with this diode the background fraction would increase, 

becoming 45 50% of the total neutron counts for neutron energies 

higher than 5.5 MeV and the statistical accuracy of the measurement 

would worsen by a factor of 1.6, requiring longer irradiation times 

and higher integrated fast neutron doses damaging the diodes. 

According to these results it is concluded that the NISUS neutron 

spectrum can be measured up to high neutron energies (8 MeV) with 

Lithium-6 sandwich spectrometers, provided that a correction is made 

for the Silicon background grounds and thick LiF foils are used with 

increased resistivity diodes, to provide adequate statistics. 

4.3 Formulation of the Response Matrix for the Sum and  

Triton Energy Distributions  

The formulation of the response matrix for the analysis of the 

Sum counts distribution is straightforward. The measured parameter, 

which is the Sum of the alpha and triton energies is related to the 

neutron energy by: 

S = En + Q (Q = 4.47863 MeV) 
	 (4.3.1) 

and the generating neutron flux at energy En  can be computed from the 
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counts at the corresponding Sum energy, by: 

VLiP E (n,a)(En). e( n) 

where V. is the LiF volume and E(En) the "Geometric efficiency" 

of the spectrometer, (Section 4.5). 

The use of a multichannel Analyzer with a finite channel width 

results on a finite energy resolution for the measured distribution 

even if the effect of dead layers and electronic noise on the 

measurement of the reaction products energy are ignored. Thus the 

integrated number of counts in channel i with energy boundaries S. 

and S. 	AW is related to the neutron spectrum, according to 

equations (4.3.1) and (4.3.2), by: 

S -QtAW 

VLiF 	4,(E) E (E) c(E) dE 
S3-Q  

(4.3.2) 

(4.3-3) 

D(S)e4S 

The low limit for the energy width of each channel is determined 

so that a sufficient number of channels would be available to cover 

the energy range of interest. Also attention must be paid so that 

linearity exists between the input pulse height and the corresponding 

peak channel, for all the channels employed, with the specific 

settings of Amplifiers, linear gate and integrator units and multi-

channel Analyser, which are used for each measurement. The analysers 

employed for the Sum distribution measurements in NISUS had a maximum 

of 1400 channels. During each measurement Sum energies from 4.7863 

MeV up to 13.7863 MeV were recorded, corresponding to neutron energies 
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from thermal to 9.00 MeV, and 250 channels were actually employed 

giving a channel width in the range 30 to 38 KeV. 

To obtain good statistics at the higher energies, where the 

rapidly falling neutron spectrum and the low cross-section of the 

Li-6(n,a)t cross section result in low count rates, individual 

Analyser channels are bunched together, so that channel widths of 

100 to 120 KeV have to be used for the analysis, for neutron 

energies between 2.0 and 3.5 MeV and groups of width 120 to 160 KeV 
for higher neutron energies. Since the "Geometric efficiency" is 

a slowly varying function of the neutron energy, as will be seen in 

Section 4.4, it can be considered to be constant within each group 

and equal to its value at the middle energy of the group. For 

energies higher than 2.0 MeV the NISUS spectrum exhibits a steep 

• gradient like the fission spectrum and a l/E variation for the 

within group flux variation can be assumed, which for group widths 

of 150 KeV is true for the fission spectrum within + 2%. From Ref. 

(51), it can be seen that a similar variation with energy is 

acceptable for the cross section of the Li-6(n,a)t for energies 

higher than 2.0 MeV. Thus equation (4.3.3) will be written 

S.-Q+.15 

,1 	*(E) D E 

Sj-Q 

S.-Q+.15 
dE 

(^c 6(1104E)dE j+1./ ,2 
S. 

= 	0.15  . 

If alternatively the product 4,(E)okfna a) (E) was considered 

constant within each group and equal to its value at the middle 

(4.3.4) 
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group energy, Si-Q+0.0751  the result would be: 

0.15  
64,1 • 
Jwa 	(S.-Q) [(Sj-Q)+0.1.5] + 0.0752  

the difference from equation (4.3.4) being smaller than 0.1%. 

At lower neutron energies the energy width of each group used 

for the analysis of the Sum distribution is small, 60 to 70 KeV, so 

that it can be written: 

= 	WD./A Di44  

giving 

Di = 0j4 	9+1 A W  

(4.3.5)(a) 

(4.3.5)(b) 

with all the values calculated at the middle neutron energy of the 

group. 

In that way a diagonal response matrix is derived relating the 

integrated counts of group j to the neutron flux at 

If the finite energy resolution of the system is considered 

then equation (4.3.3) becomes: 

S.3+AW 	Smax  -Q 

D j  = K 	dS f 	s)t(st-q) . e(s' -q) c (s'-g)dS' 	(4.3.6) 

min-q 

where 13(31 -+S) is the resolution function of the system describing 

the probability that a reaction resulting in a value S' of the 

measured parameter will be recorded at an energy S. 
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Considering the multigrour) approach as before, equation 4.3.6) 

can be written: 

W S.+ W 

Di =. 	i+if as f
a 
 P(s o, s)as1 

i=1 	s. 	s . 

	

3. 	a 

N 

P3- . 3. 
= 

1=1 
(4.3.7) 

The response matrix will no longer be diagonal, having non-zero 

elements around the principal diagonal, and an unfolding process is 

required in order to derive the neutron fluxes. 

For the energy distribution of the individual reaction products 

there is no straightforward relation to the neutron flux. According 

to the reaction Kinematics the energy of individual products is a 

function of the energy of the impinging neutron and the cosine of 

the angle of emission of the product in the centre of mass system. 

In Appendix A it is shown that: 

E
tn,

431) = f
1
(E) + f

2
(E
n
) . cos91  

and 

E
a
(E
n,
el) . E

n 
+ q - E

t
(E
n, 

(a)  

(4.3.8) 
(b)  

For irradiation in an isotropic neutron field the probability 

per unit neutron flux at energy En, that a triton with energy within 

dE
t 
at E

t' 
withE

:tmin
(E
n
) < E

t 
< E

t 
(E
n), will be detected in one 

max 

of the diodes while the alpha product of the reaction will be detected 



PEn(Et) 
 = a( n) E( n) 	

0(En).f2(En) - 

2n 6Al 	' 1(E cos90 n (4.3.11) 

80 

by the other diode, is: 

PE  (Et) dEt = c( E) . E(En) . PE  (cosei t'E 	dcosAl 
	

(4.3.9) 

where PE (cosW(Et'
E))dcos91  describes the probability that a 

n 
 

reaction induced by a neutron of energy En  will lead to the emission 

of the triton in the centre of mass system at an angle with cosine 

within dcos9' at coset determined by equation (4.3.8)(a). According 

to the definition of the angular cross section of a reaction, it will 

be: 

2n 6Q°(En cosel(Et,En))dcos9' 
P(cos91(E E )) dcosial Ea 	= t' n 	6(En) 

(4.3.10) 

Considering equations (4.3.8)  (a), (4.3.9) and (4.3.10) together, 

it can be written that: 

If tritons with energies higher than 2.7295 MeV are considered, 

this being the triton energy for thermal neutrons, equation (4.3.11) 

produces a forward peaked response for neutron energies up to 500 KeV, 

Ref. (52), so that unfolding of the measured distribution with this 

response matrix could be possible. For higher neutron energies the Sum 

distribution is preferable since it is simpler and exhibits higher 

neutron energy resolution, as will be discussed in 5.1. 

From the reaction Kinematics the maximum and minimum triton and 

alpha energies can be computed as functions of the neutron energy. 



-83.- 

Their respective values according to equations (17), (18) and (14)(a) 

of Appendix A are drawn in fig. 4.3.1. 

Since neutrons with energies higher than 400 KeV can produce 

alphas with energies higher than 2.7295 MeV, the counts distribution 

to be analysed would include both triton and alpha induced counts. 

Thus the contribution per unit neutron flux at energy Ea > 400 KeV 

to the counts at energy E is: 

CE  (E) = PE  (E = Et) + PE  (E = Ea) 	(4.3.12) 

where PE 	= Et) is the function calculated by equation (4.3.11) 

and PE (E = Ea) describes the probability for the production of an n 
 

alpha with energy E = Ea. This probability can be calculated also 

from equation (4.3.11) if Et  is substituted by the energy Ett  of the 

triton corresponding to the alpha with energy E, which according to 

equation (4.3.8)(b) is: 

E't = En + Q - E 

Naturally if E > Et (E;21)  or E > Ea (Ea) the respective 
max 	max 

contribution in equation (4.3.12) will be equal to zero. 

Formulation of the response matrix using equations (4.3.9), 

(4.3.12) would result in nonzero elements in positions other than 

its diagonal, even if infinite energy resolution is assumed for the 

measurement of the reaction product energies. To enable meaningful 

unfolding of the measured distribution, the neutron group structure 

is defined, Ref. (33), so that if Edj+1'is the upper energy limit 

of the j-th distribution group, then the upper energy Ej4.1  of the 
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j-th neutron group should satisfy the equation: 

E 
3
d.
+1 

= E 	(Ej+1) max 
(4.3.12)(a 

Since for a given neutron energy it is Et 	> E
a 

, this 
max max 

group structure, would give an upper triangular response matrix 

with the diagonal elements preponderant. For each neutron group 

numerical integration by Simpson's rule, of CE  (E) between the 

boundaries of the distribution groups yields the elements Rij  in 

the following set of simultaneous equations: 

Dj  = E 	 E. 3 . a. . 	t  - (j = 1,N) 3. 	)-t 
i=j 

(4.3.13) 

The introduction of a finite resolution for the energy measure-

ment is represented by the additional convolution of the above 

elements with the resolution function so that: 

1■1 

DJ 	ntki  E 
k=1 - i=k 

Ui E 	. 
I t,1 

(4.3.14) 

where R' is the system resolution function. The resolution functions 

used for'the analysis of the Sum and Triton distributions will be 

discussed in section 4.7. 

4.4 The "Geometric Efficienc of the Spectrometer as a Function of  

the Neutron Energy and the Spectrometer Characteristics 

The detection of the reaction products of the Li-6(n,a)t reaction 

by the two opposing diodes is not made in n geometry since the diodes 
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are a finite distance apart. Thus not all of the reactions taking 

'place in the LiF layer result in a coincident count, since it is 

possible for one of the reaction products to escape undetected 

through the gap between the two diodes. For thermal neutrons the 

two reaction products are emitted in opposite directions in the 

laboratory system, but for higher neutron energies the angle between 

their directions varies taking values from 180
o down to a minimum 

value, which according to the reaction kinematics is a function of 

the neutron energy, Fig. (4.4.1)(a). Hence at neutron energies other 

than thermal both reaction products could pass through the same diode, 

not producing a coincident count. The probability that a reaction 

will not lead to a coincident count depends upon the dimension of the 

diodes and the LiF layer, the distance between the diodes and the 

position of the LiF layer relative to the diodes, that is whether 

it is evaporated on one of the diodes or suspended between them on 

a suitable backing. If LiF layers are evaporated on both diodes the 

situation is the same as if only one of them carried LiF, because 

of symmetry. 

When the spectrometer is irradiated in an isotropic neutron 

field the macroscopic emergence of the reaction products from the 

LiF layer will also be isotropic, no matter what their angular 

distribution from a particular reaction is. Given the geometric 

data of the diode sandwich and LiF, the probability for a reaction 

induced by a neutron of energy E to result in a coincident count can 

be computed by the evaluation of the integrals in equation: 

	

2n 	n 	180°  
/ 	/ 

e(En) = 	P(r)dr 	TIE dco  fdcose 	P,E  kS)P20,y,s,r)ds 

0 	0 	0 	S . 
mm 

(4.4.1) 
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Where r,ple describe the radius at which the reaction 

- products emerge on the LIP surface, and the 

direction of one of them (gyp on the horizontal 

plane, 9 polar angle). 

P E.ksi \ de describes the probability that the angle 1 

between the reaction product directions in 

the lab. system will be within ds at s, and 

can be calculated by the reaction Kinematics 

and the angular cross section of the reaction at E. 

,p,s,r) describes the probability that a coincident count 

would be produced for a set of values for (G,q,s,r). 

From equation (4.4.1) it can be seen that E(En), depends upon 

the neutron energy through P1
E  (s) and Smin(E). For a given spectrometer 

design this probability has been termed as the "Geometric efficiency" 

of the spectrometer, Ref. (53). 

Although in the above formulation effects of the high 

discriminator setting and the thickness of the LIP and gold layers 

have been ignored, even then the analytical calculation of the 

coincidence probability P2(0,p,s,r) is tedious and its analytical 

integration is not possible. The Geometric efficiency can be 

calculated analytically only under the assumption that the diodes 

are infinite compared to the small distance between them. In that 

case the reaction products could not escape detection and the 

calculation of P
2 is simpler leading to functions which can be 

integrated by analytical methods, Ref. (53) and (54). Nevertheless 

this assumption leads to significant differences from the accurate 
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polution for neutron energies loser than 800 keV, where the probability 

for escape of the reaction products through the diode gap is large 

compared to the coincident count losses due to both products being 

detected by the same diode. From fig. (4.4.1)(b) it can be seen 

that the maximum possible angle between two particles produced in 

the LIP, evaporated on the lower diode, both entering the upper diode 

is qmax 2 tan
-1(RD/d), where RD  is the diode radius and d is the 

distance of 0.1 cm, q
max is 163', a value smaller than the maximum 

possible angle between the reaction products from a reaction induced 

by an 800 keV neutron. 

As the neutron flux derived from the measured distributions is 

inversely proportional to the geometric efficiencyl[e. quations (4.3.2) 

and (4.3.9)3, any uncertainty of the geometric efficiency, would be 

applied directly to the neutron flux, since: 

	 gives &I' . de CE) .(0) (4.4.2) 

Thus to make spectrum measurements of high accuracy and to enable 

the comparison of results obtained with spectrometers of different 

design and/or LiF and gold layers, the accurate knowledge is required 

of the variation of the geometric efficiency with neutron energy. 

For irradiation in an isotropic neutron flux, if simplifying 

assumptions are to be avoided, the accuratecalculation of the 

geometric efficiency can be achieved using the Monte Carlo method. 

In the past Monte Carlo calculations of the geometric efficiency 

have been made, by Silk for spectrometers with the LiF evaporated 

on one of the diodes, irradiated in a neutron beam, Ref.(55), and 
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for spectrometers with the LiF suspended between the two diodes 

irradiated in isotropic and directional neutron fields, in Ref. (35) 

and (56). In all these calculations the LiF was considered to have 

no thickness. 

In the present measurements the LiF layer was evaporated on 

one of the diodes and the neutron field was isotropic. Since no 

calculation exists for that case, except for the semi analytical 

one in Ref. (53), which did not cover both diode configurations 

employed in the NISUS measurements, the calculation of the geometric 

efficiency by the Monte Carlo method was undertaken. -The calculation 

was carried out in a number of steps in order to study the effects 

of different parameters. 

At the first stage the reaction is considered isotropic in 

the centre of mass system and although the LiF layer is simulated 

as a disc shaped foil with finite height, the particles are assumed 

to suffer no energy losses crossing it and the gold layer on the 

diode surface. The effect of the high level discriminator setting 

is taken into account. In the present case as the presence of the 

Blip shell eliminated the need for discrimination against thermal 

neutrons and the discriminator threshold was set at 1.35 MeV, which 

is lower than the minimum possible energy for the reaction products 

from the Li-6(n,a) reaction, the discriminator did not affect the 

geometric efficiency. However, if the high level discriminator 

threshold is 2.05 MeV to cut off alphas from thermal neutron 

reactions, than the geometric efficiency variation with energy will 

be affected since reaction products with energies lower than 2.05 

MeV can be produced from reactions induced by fast neutrons, 

fig. (4.3.1). 
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For the second stage the erisotropy of the reaction in the 

centre of mass system was taken into account, and in a third stage 

the effect of the energy losses, suffered by the reaction products 

in the LiF and gold layers, were alco considered. These energy 

losses can lead to the loss of a coincident count if one of the 

reaction products is either stopped in the dead layers, or its 

energy after subtracting the energy losses, is lower than the high 

level discriminator threshold. 

(a) Layout of the calculation. 

The geometry of the problem is shown in fig. (4.4.2)(a). In 

order to enable the use of the same program to calculate the geometric 

efficiency for spectrometers having the LiF suspended between the 

diodes, the distance d is introduced, which is set equal to zero 

when the LiF is evaporated on the diode. The geometric data required 

for the calculation are the radius and thickness of the LiF, the 

radius and thickness of the gold layer, and the distance between the 

two diode faces. 

For each neutron energy a number N of neutrons are selected from 

an isotropic distribution, which are all forced to enter the LiF. 

The neutron pathlength in the LiF is then calculated and the neutron 

is forced to react with Li-6. This forced reaction method, is 

necessary because of the low macroscopic cross section of the (n,a) 

reaction and the smallthickness of the LiF. Thus a weight Wi  is 

attached to each neutron and consequently to each reaction, des-

cribing the probability of a Li -6(n,a) reaction to occur, induced by 

a neutron entering the LiF with a particular set of direction cosines 
N 

and at a particular point of the LiF surface. The sum E Wi  of these 
i=1 
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weights represents the total number of (n,a) reactions taking place 

in the LiF per N neutrons tracked. 

Next the cosine of the centre of mass angle is selected and 

the direction cosines of the reaction products in the sper.trmetee 

axis system are calculated. The energy of each product is computed 

and compared to the discriminator threshold. If the energies of 

both products are higher than the threshold energy, the coincidence 

test follows otherwise a new neutron is selected and the calculation 

starts again. 

The coincidence test is made to establish whether both products 

are detected and by different diodes. If the test is positive, the 

weight is is added to a terminal classification for coincidence 

events, otherwise the tracking of a new neutron starts, till the 

preset number N is reached. 

At the completion of the tracking of N histories the "Geometric 

efficiency" value at this neutron energy is ccmputed as the ratio: 

E kWi  
e( En) 
	1=1  

where k = 1 if a coincidence has occurred 

= 0 otherwise. 

If the energy losses suffered by the particles in the LiF and 

gold layers are to be considered, they are computed prior to the 

discriminator and coincidence tests and subtracted from the product 

energy calculated by the reaction Kinematics. 

(4.4.3) 
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If the thickness of the LiF layer is ignored there would be 

no need to simulate the entrance of neutrons and the reaction 

position, but the calculation could start by selecting the 

diref:tion cosines and point of emergence from the LiF surface, of 

one of the reaction products, directly in the spectrometer axis 

system, on the basis of isotropic emission from LiF. Then select 

a value for s, the angle between the directions of the products, 

according to P1
E  (8) [equation 4.4.1] and finally calculate the 

direction cosines of the second product in the spectrometer axis 

system. The "coincidence" test would be the same as before, but 

no "discriminator threshold" test could be made. 

The detailed modelling of each past of the program will 

now be described. 

(b) Neutron entry in LiF. 

The LIP layer is a cylinder with height dam, and a circular 

basis of radius RLiF. The primary reference system, called the 

spectrometer axis-system, has its origin on the centre of the lower 

base of this cylinder and its z-axis coincides with the cylinder axis, 

fig. (4.4.2)(b). The direction of a neutron is defined by a set of 

values for (cos000), fig. (4.4.2)(b), which can take values in the 

ranges: 

- 1 < cos9 < i 	(0 < 9 < 7r ) 

0‹r'< 271- 

For isotropic neutron fields it is: 

P(cose) = 1/2 

P(so) 

( a ) 
(4.4.4) 

(b) 

(a)  
(4.4.5) 

(b)  
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If the scalar neutron flux iscD(n/cm2.sec), the rate at which 

neutrons travelling within a Q  at Q(cose,0 cross a differential 

area dA parallel to the (x,y) plane, would be: 

1 43 
4r — ---.dcose . dr. (vcosedA) = Tirr  cose dcos0 dip dA U  

Integration over 	(0 < (09 <270 gives the rate at which neutrons 

cross the above area, having a polar angle with de at 0, : 

4 cose . dcose . dA 

(4.4.6)(a) 

(4.4.6)(b) 

Further integration with respect to cose, with limits -1 to 1, gives 

the rate at which neutrons enter a cylinder with base area dA, through 

its bases: 

dRb  = 2 dA 

and integration over dA for the whole of the LiF base area gives: 

,2 Rb _ - 2  .7r_n (4.4.7) 

For the lateral surface, a differential area dAz  is considered 

bounded by the horizontal planes at z and z + dz and the circular 

sector within dw at w, Fig. (4.4.2)(c). This area is equal to 

Rdwdz. For neutrons travelling within (IQ at 2(cose,9), the rate 

at which they cross this area would be 

1 IP 
4r

dcose.dr . (usine siny) dA (4.4.8) 
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where y is the angle formed between the tangent to the circuIrr 

section of the cylinder on the z-plane at an angle w as above, 

and the projection of the neutron direction on the same plane, 

fig. (4.4.2)(d). This angle varies between 0 and 2* and is Equal 

kr to (co- w) + — where k = 1,3,7 depending on the relative position 
2 

of y and w. Thus for a given w it is dcp = dy and for a neutron to 

cross the area dA inwards it must be .0 < y <r. 

Integrating equation (4.4.8) according to these considerations, 

it is found that: 

1 	it 
_ 24NiA jr sine dcos0 f siny dy = 

--L - 4r 
0 	0 

-1) dA 

Integration of dRL  over all the lateral surface yields: 

RL  = §.R.d 	- 1) (4.4.9) 

Thus the probability for a neutron entering the IiF to have 

its entry point on one of the bases, is: 

TER
2 

 

2 

  

1.0 (4.4.10) 
b 7.112 	

2 
ist \ + Rd 	-1) 2  

 

1.0 + 

 

The sequence of events for the neutron entry in LiF is formulated 

according to the formulas obtained. First the values for cosh and (10 

are selected in the range defined by equation (4.4.4) and according 
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to the distributions given by equation (4.4.5). The direction 

cosines of the neutron direction are calculated by a = sinGcos(p 

b = sinesinv , c = cose. Then in order to avoid wasting computer 

time, all neutrons tracked are forced to enter the LIP. The 

surface on which their entry point lies (base or lateral) is 

selected according to equation (4.4.10). If the neutron point 

lies on the bases, its co-ordinates (xE, yE, zE) being determined 

through equations xE  = r.cosw, yE  = r.sinw with r and w selected 

in 

0 <r < Rids  

0 <w< 2n 

with probabilities 

P(r) = 

 

r dr 

P(w) 

Depending on the sign of cose, zE  will be equal to zero (cos° >0), 

or to dam. The entry weight for the neutron will be, according to 

equation (4.4.6)(b): 

wE = cove 

If the neutron entry point is on the lateral surface then zE  is 

selected uniformly distributed in (01dLiF) and xE  = Rte, . cosw, 

yE  = RLif  . sines. In this case w is selected with constant 

probability in [0,2n), but in order to ensure entry it must also 
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satisfy cos(co-w) > 0 so that 0 < y <n. If the w value selacted 

does not satisfy this criterion then without loss of randomneas the 

value (w + n) is taken, or (w - n) if w> n. 

The entry weight for the neutron in this case, is according to 

equation (4.4.8) and the relation between y, w,yo : 

wE = sine . siny = sine . cos (p-w) 

(c) Reaction modelling in LiF. 

From the first part of the simulation have been derived 

the direction cosines (a,b,c) and entry point co-ordinates 

(xElyElzE) of the entering neutron. The neutron reactions taking 

place in LiF are modelled, sonsidering the distribution of Li-6 

atoms to be homogeneous. The only neutron reaction to be considered 

in LiF is Li-6(n,a)t since the occurrence of other absorption 

reactions has a negligible probability as discussed in section 4.2, 

while neutron scattering could only affect this calculation if it was 

followed by the (n,a) reaction which also has a negligible probability 

of occurrence as was also shown in section 4.2. 

The probability for a neutron entering the LiF layer to induce 

a Li-6(n,a)t reaction is [1 - exp(- /1)] where 1 is the neutron path-

length in LiF. If neutrons crossing the lateral surface of the LiF 

are ignored, then 1 = d/1 cos9j where d is the LiF thickness and 8 

the angle between the neutron direction and the spectrometer axis. 

For an isotropic neutron flux the probability of a reaction induced 

by a neutron travelling along a direction determined by cos() would 

be cos8 [1 - exp(- El/ Icos91)]. To avoid the value 0 for cos9 

a minimum value for cos9 equal to F.R  is set corresponding to the 
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maximum possible value for 1 which is [d2  + (2R)23 — 2R. 

The maximum value for g
na for neutron energies higher than l  

10 KeV occurs at the 247 KeV resonance and is equal to 3.2 barns, 

giving E  max = 0.193 cm 1. Also the maximum value for Ed/cos0 

would be 2RE max  (cose = 4/20, which for a 0.7 cm LiF radius has a 

value of 0.27. Working within such a range, the approximation 

[1 - exp(- Ed/ cos() )] Ed/cosO can be made, giving for the 

probability of a reaction quoted in the previous paragraph, a 

constant value Ed. For LiF thicknesses up to 240 ugm/cm2, Ed 

would be smaller than 1.8*10-5  and a large number of neutron 

histories would be required to give one (n,a) reaction. Thus 

forced (n,a) absorption is imposed on each neutron. 

Following this concept the pathlength 1 of each neutron in LiF 

is calculated, in the absence of a collision, and a weight w
2 = 

1 - exp(- El) is assigned to the neutron. The distance travelled by 

the neutron up to the point where the (n,a) reaction, which is forced 

upon the neutron, takes place, is selected on the basis of the 

probability distribution: 

P(t) 
1 - exp ( El) 

with 0 < t < 

which describes the probability of a reaction within dt in t when the 

total pathlength to collision is less or equal to 1. 

In order to calculate 1 it is first determined whether the exit 

point lies on one of the bases, or the lateral surface. For the 

first case it is: 
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H z  
cos 0 

with the following cases distinguished for H: 

entry point 	H 

base, z = 0 

base, z = d 	0 

lateral surface, cos9 >0 

lateral surface, cos0<0 	0 

if cos9 = 0 then 1 = 2R.sin(w-q). 

If the exit point lies on the lateral surface, 1 is determined 

from the equation of the cylindrical surface, x2  + y2  = R2  with 

x = xE  + al, y = yE  + bl. 

Having computed 1 and selected t as above, the co-ordinates of 

the reaction point will be: 

x
r 

= xE + at, yr  = yE  + bt, zr 
= z

E + ct 

and the product of the weights we,wi  applied to each neutron history 

represents the probability for a neutron having direction cosines 

(a,b,c) to enter the LiF layer at the point (xE, yE, zE) and produce 

a Li-6(n,a)t reaction, thus: 

Wi = we * wl 
	i = 1,2, ...N 

(d) Direction cosines for the reaction products in the spectrometer 

system of co-ordinates and reaction product energies. 

If isotropic emission in the centre of mass system of the 

reaction is assumed, then the cosihe of the angle between the neutron 
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direction and the triton product direction in this system, is 

uniformly distributed in [-1,1), and is selected through cosi). = 

-1 + 2r with r a random number equidistributed in [0,13. 

Then from equations (35) and (36) of Appendix A, the energies 

of the two reaction products for the selected cos9' can be computed 

and are compared with the high discriminator threshold. If the 

energies of both particles exceed this threshold then the cosines 

of the angles formed between the triton and alpha directions in the 

laboratory system and the neutron direction, are calculated by 

equations (27)(a) and (b) of Appendix A. 

To derive the direction cosines for the triton and alpha 

directions with respect to the spectrometer axis an intermediate 

reference system is considered (Ox'y'z') shown in fig. 4.4.2(e). 

The axis Oy' of this system coincides with the neutron direction, 

the axis Ox' is normal to On and lies on plane xOy and axis Oz' 

is the intersection of the planes drawn normal to On and Ox' 

respectively, from the origin 0. The direction cosines of these 

new axes with respect to the spectrometer axis system Oxyz are 

given in Table 4.4.1. 

Table 4.4.1  

Direction Cosines for the Intermediate Reference System 

Ox' 

( Oy' 1)  

Oz' 

A B C 

(2) 	b + 
( a2-77732  ) 

a 

ac 

a o 

c 

+ (a2+b2)i  

± 7+b-77; (a 2+b2)-  

b 

bc + 
+ —2-2-7-/ 	.75 ka +b )- - la24.7 
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(1) These are the direction cosines for the neutron 

derived in part (a). 

(2) The upper sequence of signs corresponds to b > 0 and 

the lower one to b < 0. 

The rotation matrix relating the direction cosines of a 

direction in the intermediate system (primed variables) to its 

direction cosines in the original system is: 

[1.1 [Axl 

Bx1  

Cx' 

Ay/ 

By' 

Cy' 

Az ' 

Bz' 

Cz' 

v0  

w' 

To determine the direction cosines of the triton in the 

intermediate system, the angle q is selected, fig. (4.4.2)(e) 

uniformly distributed in [0,2n), so that 

AOt  = sinq.sing
t  

v°
t 
 = coset 

= cosq.sinet  
wet 

For the alpha particle it is observed that the neutron, triton 

and alpha directions should lie on one plane so that the principle 

of conservation of momentum can be satisfied. Thus the corresponding 

q angle for alpha should be qa  = it q and the direction cosines bf 

the alpha particle in the intermediate system are: 

ula = -sinq.sin0a, v'a = cosea, wlz = -cosq.sin0a
. 

- 
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(e) Coincidence test and classification. 

For a coincident neutron count both particles must be detected 

and by different diodes. The criterion for the second requirement is 

that wt.wa< 0 so that one particle travels, upwards the other downwards. 

For the first requirement the first criterion to be satisfied is 

whether the direction of the particle travelling upwards crosses the 

horizontal plane at z = dD  + dg  di.,  within the circle x2 + y2 = R2s  

Fig. (4.4.2)(a). If this test is satisfied then a test for the 

downwards moving particle follows, whether its direction intersects 

the horizontal plane at z = dL  + dg  within the same circle defining 

the silicon diode surface. If any of these tests is not satisfied 

the tracking of this history stops and the program starts again with 

a new neutron. If all three tests are satisfied, the weight W. is 

added to the coincidence classification. 

(f) Anisotropic angular distribution of the reaction products. 

Experimental evidence, Ref. (57), shows that the reaction 

exhibits anisotropy in the angular distribution of the res 	n 

products in the centre of mass system, especially at low energies. 

In order to test the effects of this anisotropy upon the 

geometric efficiency, the selection scheme for the cosine (cos01) of 

the centre of mass angle of emission is modified, to satisfy the 

distribution existing at each neutron energy. 

The experimental angular distributions at different neutron 

energies have been fitted by series expansion in terms of Legendre 

polynomials, Ref. (58), (59) and these expansions were used in this 

calculation. For neutron energies up to 500 KeV a 2nd order expansion 

is enough, while for higher energies 3rd order polynomials are used. 
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This would result in a cumulative distribution function for coslfil 

being a 3rd and 4th order polynomial of cosg'. Random selection 

of cosgi requires the solution of the corresponding equations which 

could be time consuming, since not all types of 4-th order algebraic 

equations can be solved analytically. For that reason cos9' was 

selected by the "von Neumann" device, as described in Ref. (60). 
1 

Since the area defined by f 	 (cos00 dcosg' is not very much 
-1 
1 

smaller than 2(6Q )max (= jr (012)max  dcosO') the efficiency of 
-1 

this technique is high and rarely it is needed to repeat it for 

the selection of a value for cos01. 

(g) Energy loss in the dead layers. 

The reaction products prior to detection suffer a decrease 

in their energy since they travel finite pathlengths in the LiF 

and gold layers evaporated on the diode. The rate of energy loss 

for alphas and tritons in these layers and their ranges, calculated 

according to Appendix B are shown in fig. (4.4.3) and (4.4.4) 

respectively. The range-energy curves are fitted by formulas of 

the type R(E) = aEb, giving linear dependence for 1nR versus lnE, 

over broad energy ranges, covering an overall range from 1.0 to 

13.0 MeV for the tritons and 1.0 to 10.0 MeV for the alphas. The 

agreement between the range values employed to calculate the 

fitting parameters a and b, and the range values obtained using 

the fitted curve was better than 1% for the alphas, for which three 

separate energy ranges were considered, and better than 2:'L for the 

tritons for which two energy ranges were used. The energy ranges 

and the values of the parameters lna and b found from the fitting 
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are given in Table 4.4.2, for range units of g/cm2. 

Table 4.4.2 

Fitting parameters for the ran e-ener relation 

for alphas and tritons in LiF and gold 

Particle Energy (MeV) 

LiF 	Gold 

lna b lna b 

Alpha 1.0 4 :Ea<2.15 -7.186 1.025 -5.333 0.748 

2.15 < Ea< 4.50 -7.341 1.235 

(2.15 < Ea< 4.95 for -5.450 0.908 

gold) 

4.50 < Ea<10.0 -7.765 1.512 -6.216 1.336 

Triton 1.0 < Et
.,.. 3.0 -6.198 1.356 -4.451 1.041 

3.o < Et.1.3.0 -6.391 1.579 -4.814 1.359 

Since the rate of energy loss experienced by the Tritons is 

considerably less (1,1/4) than that of the alphas, there is much 

greater probability for a coincidence to be lost because of tha 

energy loss suffered by the alpha. The range of the alpha particle 

in LiF is calculated by the fitted range-energy curve for the 

energy of the alpha particle computed by the reaction Kinematics. 

Its pathlength in LiF is computed in the same way as the neutron 

pathlength in LiF was (part c), and is subtracted from the previously 

calculated range value, to find its residual range in LiF. The energy 



- 106 - 

of the alpha as it leaves the LiF is found from the relation 

R = p where R is the residual range. If this energy exceeds the 

discriminator threshold, the energy loss of the alpha in the gold 

layer is calculated in the same way, and the final energy is 

compared with the discriminator threshold. If this test is positive, 

then the triton losses in LiF and gold are calculated and the same 

tests are applied. A coincidence is recorded as before, if all these 

final energy criteria are satisfied in addition to the geometric 

ones. 

The random numbers required for this simulation are uniformly 

distributed in [0,1]. The method employed for almost all random 

number generators is the multiplicative congruential method, Ref. 

(61), whereupon a sequence {xr} of integers is generated by the 

relation: 

Xri.1 = b.xr 
(mod M) 

with appropriate values of b,M and a starting value for xo. From 

this sequence random fractions are produced using 

- m 
En = xn.2 . 

In the present problem to complete the tracking of one neutron 

a maximum of nine random numbers is used and for the determination 

of the neutron direction cosines and entry point up to five consecutive 

random numbers are required. Also a pair of consecutive random numbers 

is needed to determine, through cos9 and 50 , the direction cosines of 

a vector. Thus to ensure good sampling, the random number sequence 
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used should not exhibit departure from randomness for up to tsn 

consecutive random numbers and should not repeat itself unless 

some 10
5 

10
6 random numbers are generated. 

The particular generator employed has been developed by the 

Nottingham Algorithms Group, Ref. (62) and generates two separate 

sequences: 

X1,rt.1 = b1.X1r.(mod M) 

X2,r+1 
= b

2
.X2

r.(mod M) 

which are used to form: Xri.  = X1.r+1 4. X2,1.(mod M). 

This method provides one additional test for randomness and 

with a value of M equal to 246 , the maximum integer allowed by the 

CDC 6600 computer being 248-1, departures from randomness for 

consecutive numbers should be negligible according to Ref. (63). 

For the isotropic case and in order to reduce computing time, 

several neutron energies were handled, during one execution of the 

program. Since the only functions used in the program which depend 

upon the neutron energy are, the macroscopic cross section of the 

reaction, which affects only the neutron pathlength to collision and 

the weight w2, and the particle energies, which only enter the 

discriminator test, considerable gain in computing time is obtained 

by that method. For the Anisotropic case the dependence of the 

probability distribution of cosQ' upon the neutron energy, results in 

the direction cosines of the triton and alpha becoming functions of 

the neutron energy and no significant reduction in computing time is 

achieved if several neutron energies are processed during each run of 

the program. 
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In order to make possible the convergence of the calculation 

to be observed as the number of histories tracked increases, the 

total number of histories was divided in m groups each containing 

WM histories. At the end of the computation for each group the 

following variables are given: 
Ni  

Ni  = N/m I] K.W. 

(1) Geometric efficiency, 	
j=1 3 3  
N. 
1 

E W. 
j=1 3  

Ni  

the sum S1  = 1] (K.Wj
)2  2.  j j=   

N. 1 
(2) The number of reactions ri  

	
W. and 

j=1 3  

the sum  S2  - - 

N. E w  .2 
j=1 

N. 

The number of neutrons entering the LIP layer, n. = W . , 	
3 
E and 

Ni  

the sum S
3 = I] (41 )

2 

j=1 	j 	• 

The probability for a Li -6(n,a)t reaction in the LIP per 

neutron entering it Pi  = ri/ni  

The number of neutrons entering the LIP foil through its 

(3)  

(4)  

(5)  

where p. = 1 if the neutron entry point lies on the lateral 

surface, otherwise zero. 
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From the values of the variables r., p., n., the accuracy of 

the stochastic modelling of the neutron entry and the reactions 

taking place in LiF can be derived, since these variables can also 

be computed analytically. 

Neutron entries through the lateral surface exhibit the highest 

variance, as a result of the very small probability of such an entry 

to occur. According to equation (4.4.10) this probability equals 

0.186*10-4 for a LiF layer of 80 p gm/cm2  thickness and radius 0.6 cm. 

If it is assumed that these neutrons cross one of the bases upon 

exit, the reaction probability for each of them would be [1-exp(- Ez/cosG)) 

with 0 < z < dam,. This probability is smaller or equal to that for a 

neutron which entered and left LiF through the bases, hence the neutrons 

entering through the lateral surface do not affect the reaction modelling 

which together with the reaction product production, are the factors 

affecting the geometric efficiency. Nevertheless if one wants to use 

the methods of neutron entry and neutron reaction modelling, described 

under (b) and (c) before, to study the effects of finite foil geometry 

on foil irradiation in isotropic fluxes, the neutron entry modelling 

should be changed, each source neutron being split in two, one carrying 

a weight equal to Pb  with its entry point on one of the bases, the 

other carrying a weight (1-Pb) and entering through the lateral surface. 

This method would drastically increase the efficiency of neutron entry 

modelling. 

The probability for a reaction in the LiF, considering only 

neutrons crossing through the bases, would be 2E d, This value was 

always in excellent agreement with the computed values (Pi). They 

agree within 0.5% for 10000 histories tracked, and within 0.05% for 



- no - 

80000 histories. As the number of histories tracked, increases 

from 10000 to 80000 there is a systematic increase in the computed 

value, for a further increase in the number of histories no systematic 

variation exists. 

The geometric efficiency is calculated as the ratio of two 

statistical events. One is the number of Li-6(n,a)t reactions leading 

to a coincident count per N source neutrons, the other is the corres-

ponding number of reactions in the LiF. An estimate of the variance 

of these variables is obtained by 

N 
E E.2 N  (EEi )

2 

V = 02 
	=1  

(N - 1) 

where 	= k.W. for the first and 	= W. for the second. 
a. 1 

According to this equation it is found that for 10000 source neutrons 

the relative errors on each of these two variables are smaller than 

0.03% for an absolute error equal to one standard deviation. 

The large number of histories employed permit the approximation 

of the distributions of these two variables by the normal distribution, 

Ref. (64), in which case the fractional error of the "geometric 

efficiency" would equal the square root of the sum of their squared 

errors, and would be smaller than 0.07%. 

The geometric efficiency values obtained by this calculation for 

the two diode configurations employed in the NISUS measurements, are 

given in Table (4.4.3) and in fig. (4.4.5). When the anisotropy of 

the reaction was taken into account the differences from the isotropic 

case values was of the same order '3 the statistical error of the 

calculation. This is not unexpected since the macroscopic 



Table 4.4.  

Geometric Efficiency Variation with Neutron Energy  

Neutron energy 
(Mev) 

Configuration 1 Configuration 2 

(1) (2) (3) (1) (2) (3) 

0.00 0.708 0.707 0.736 0.709 

0.05 0.708 n(a) 0.70o 0.705 0.736 ,-(a) 0.73o 0.703 

0.10 0.708 0.707 	- 0.703 0.736 0.735 0.699 

0.20 0.706 0.707 0.700 0.734 0.734 0.695 

0.35 0.703 0.703 0.696 0.730 0.730 0.698 

0.50 0.700 0.702 0.694 0.727 0.728 0.683 

o.8o 0.695 0.696 0.687 0.720 0.719 0.688 

1.00 0.691 0.692 0.684 0.716 0.717 0.686 

1.50 0.684 0.685 0.676 0.707 0.706 0.684 

2.00 0.677 0.670 0.701 0.682 

2.50 0.672 0.666 0.695 0.679 

3.00 0.668 0.662 0.690 0.678 

4.00 0.660 o.658 0.682 0.673 

5.00 0.654 0.651 0.676 0.669 

7.04 0.646 0.643 0.667 0.661 

8.50 0.642 0.641 0.662 0.658 

10.00 0.638 0.636 0.659 0.655 

. 

Configuration 1: Diode radius 0.7 cm, LiF radius 0.6 cm, LiF, 40 gm/cm2  

tt 
	

2: 	It 
	

tt 
	0.8 cm, it 	n 	0.7 cm, LiF,120 gq/cm2  

(1) Isotropic distribution, (2) Anisotropic distribution, data of Ref. (59) 

except for cases noted by (a) which means data of Ref.(58), (3) Anisotropic 

distribution and energy losses. 
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distribution of the reaction products in the spectrometer reference 

system, should remain isotropic for irradiation in an icotroTeic 

neutron field, regardless of the angular distribution of the two 

reaction products from an individual reaction. 

When the energy losses of the particles are taken into account, 

there is a change in the slope of the curve depending on the thickness 

of the LiF. For the isotropic case the drop in the geometric 

efficiency value from thermal energies to 10 MeV, is 11.5% while if 

the energy losses are taken into account for an 80 P gm/cm2  LiF 

this drop is 9.5% and for a 120 gm/cm2  layer it becomes 7.3%. 

Comparing the results of the present calculation for the 

isotropic ease and configuration 1 (as defined in Table 4.4.3) 

to those obtained by Silk, Ref. (53), for the same diode and LiF 

dimensions but for a diode spacing of 0.7 cm, a similar shape is 

observed for the "geometrical efficiency" variation with neutron 

energy, with some difference in the slope of the curve. They 

predict a drop of 13% for the geometric efficiency between 0 to 6.0 

MeV neutron energy compared to 9% derived from the present calculation. 

Also the absolute values of their "geometric efficiency" are higher 

than those predicted here, which can be explained by the difference 

in the diode spacing. The difference in the derived neutron 

spectrum if these two different sets of Geometric efficiency values 

are employed, is shown in fig. (4.4.6). On the high energy part of 

the spectra derived by the analysis of the sum distribution there 

are differences of 2 to 2.5% up to 5.5 MeV, on the spectrum shape 

increasing at higher energies becoming 10 to 16% above 7.5 MeV. 
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4.5 Experimental Arrangements for Me asur e nimtsof the Central 

NISUS spectrum  

In section 4.2 it was shown that Li-6 sandwich spectrometers 

operating in a coincidence mode, can he used for measurements of 

the central NISUS spectrum up to neutron energies of 8 MeV, using 

the triton and sum energy distributions. 

Measurements have been carried out in NISUS configurations 

containing a B4C shell for the reduction of the thermal neutron 

contribution to the count rate, since the Li-6(n,a) cross section 

for thermal neutrons is 940b compared to a value of 3b at the 247 

KeV resonance. The use of the B4C shell reduces the thermal 

neutron factor by a factor of 1012  so that the integrated neutron 

flux below a few eV constitutes only a fraction of the order of 10-5 

of the total neutron flux. This obviates any need for either 

shielding the spectrometer against thermal neutrons or electronically 

discriminating the counts produced by them. 

The initial measurements were carried out in configuration 1 

(Table 2.2.1), and will be referred to hereafter as experiment 1. 

Although the Uranium shells had a 45.75 mm access hole, the B4C shell 

employed had an access hole of 17 mm diameter only, which did not 

allow through the spectrometer, which has an outer diameter of 36 mm 

(fig. 3.3.1(a)). Consequently they had to be dismantled to position 

the spectrometer in the centre of NISUS, placed at the end of a 

hollow graphite plug as described below (except for the B4C plug). 

The arrival of the new B4C shell with a stepped access hole of 

55/60 mm diameter enabled the loading of the spectrometer in the 

central NISUS cavity without the need to dismantle the facility. 
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The corresponding NISUS configuration is denoted by lb, Table (2.2.1). 

„For experiments in this configuration the spectrometer was mounted at 

the end of the graphite plug, clamped on an Aluminium holder, fig.(6.2.3) 

This holder contained a boron carbide plug to fill up the access hole 

of the B4C shell to reduce thermal neutron streaming through it. The 

centre of the aluminium holder had a cylindrical hole in which the pre- 

Amplifier was positioned. The walls of this hole were Cadmium lined 

and a cadmium disc was covering the end of the holder near the B4C 

plug. 

The measurements in configuration 1 were made at two reactor 

power levels, 10 and 30 KW,(corresponding to integrated neutron 

fluxes in NISUS of 1*107  and 3.107  p/cm2.8) respectively using 

pair 1 of the spectrometers described in Table (3.3.1). The measure- 

ments in lb, were made at three reactor power levels, 10, 30 and 60 KW 

using pair 2 of the spectrometers in Table (3.3.1), this experiment 

being Experiment 2. Also in lb measurements were made at 30 and 60 KW 

reactor power using pair 3 of Table (3.3.1). This will be called 
Experiment 3. The choice of the reactor power levels was made so 

that excessive broadening of the energy resolution of the measuring 

system due to 1-rays is avoided, according to the results obtained 

with test pulses, fig. (3.3.3). 

During each irradiation in NISUS the "triton" and "Sum" dis- 

tributions were accumulated simultaneously, by two separate multi- 

channel Analysers, which were counting for the same live time. The 

multi-channel Analysers employed for Experiments 1 and 2, each had 

400 channels, LABEN for the triton distribution and INTERTECHNIQUE 

for the sum. For Experiment 3 the LABEN analyser was used for the 
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Sum distribution and an ECON analyser with 512 channels was used for 

the Triton distribution. 

During each irradiation the leakage current of each diode was 

recorded at regular intervals,through a special input of the bias 

supply units, as well as the bias voltage to check its stability. 

The coincident count rate was also recorded at regular intervals 

during the irradiation and the mean value obtained for different reactor 

powers and different spectrometers were used to normalize the neutron 

spectra derived from different runs. Monitoring the leakage current 

and the count rate as well as the noise level,helpsto check the 

condition of the diodes during each run, which is essential because 

of the deterioration of their performance caused under fast neutron 

irradiation. 

The effect of y-rays at different reactor powers (section 3.3) 

was assessed using test pulses from a test pulse generator which were 

fed in both sides of the pre-Amplifier and their distribution was 

mc,asured before and after each irradiation with the NISUS shutter 

t 	closed and open. For Experiments 2 and 3 the test pulses were 

also employed to determine the number of back-bias channels and 

monitor any change in the energy calibration of the Analyser channels. 

As was shown in section 4.2, the background contribution from 

neutron reactions in Silicon is a serious source of error for the 

Sum technique. One method to eliminate the background pulses from 

the coincidence counting would be, Ref. (65), to employ a shallow 

gaseous proportional counter in the space between the two diodes with 

its anode wire parallel to the diode surface. The product of the 

pulse height in the proportional and the Silicon diode would be equal 
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to E. AE and allows protons to be distinguished from alphas aild 

tritons as in a dE/dx and E telescope counter, and the coincident 

count in the two diodes to be rejected if a proton is identified. 

,Nevertheless this method would involve a major redesign of the 

spectrometer and its application needs very careful considerations 

regarding the possible energy ranges of particles involved and 

effects from the alphas produced by the Si-28(n,a) Mg-25 reaction. 

Also the proportional gas counter would act as a source of unwanted 

reactions, and the energy resolution of the Sum peak would worsen 

due to the additional energy losses suffered by the alpha particles 
• 

from the Li-6(n,a)t reaction in the gas. An approach along this 

line but employing AE discrimination has been followed by 

De Leeuw et al., Ref. (66). This method adds one more problem to 

those previously mentioned. To enable discrimination of proton 

induced pulses in the proportional counter with AE as criterion, 

only tritons emitted in the backward (Ot > 90°) direction in the 

centre of mass system should be allowed through. Hence the 

anisotropy of the reaction in the centre of mass system must be 

considered in the analysis of the measured Sum distribution. 

According to recent measurements, Ref. (59), the reaction exhibits 

angular anisotropy in the centre of mass system even for energies 

as high as 1.8 MeV and this factor could seriously affect the 

derived spectra. 

An alternative method to deal with the background counts was 

proposed by Lee and Awcock, Ref. (32). The background counts dis-

tribution is measured using a spectrometer containing no LiF but 

identical to all other aspects to the spectrometer used to measure 
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the counts from the Li-6(n,a)t reaction. If the same irradiation 

conditions are kept between the two runs, subtraction of the 

distribution measured with the dummy spectrometer from that 

measured with the spectrometer contPining LiF eliminates the back-

ground contribution from the distribution to be analysed. 

Because the count rate during the background irradiation is 

low and the background contribution at high energies is a considerable 

fraction of the total counts,great care must be exercised to ensure 

the same irradiation conditions between the two runs (same bias 

voltage) and an accurate calibration in order to obtain good 

statistical accuracy for the final distribution. The shape of the 

background distribution depends on the thickness of the depletion 

layer and the neutron spectrum (section 4.2), while the background 

counts for a given neutron spectrum and depletion layer, constitute 

a fraction of the total counts which is inversely proportional to 

the LiF thickness. This factor was used, Ref. (67), to examine the 

efficiency of the subtracti'- method, 'sing spectrometers with 

ilifferent LiF thicknesses 14., measure a ZEBRA spectrum. These tests 

crowed that for variations oC the ratio background to total counts 

in a channel up to a factor of 3,the error associated with the 

background was smaller than the error from the counting statistics. 

In the present experiments the subtraction method was used in 

the NISUS experiments for the background correction using dummy 

spectrometers with diodes manufactured from the same Silicon batch 

as the diodes employed in the 11-6 spectrometers. A typical 

distribution of foreground and background counts normalised to the 

foreground run for irradiation in NISUS is shown in fig. (4.2.2) for 
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the Sum distribution above 4.7863 MeV, and in figure (4.5.1) for 

the alpha and Triton peaks above 2.73 MeV. Both distributions 

exhibit a steep decrease with increasing channel order as a result 

of the decrease in the (n,a) cross 7.ection and the neutron spectrum. 

4.6 Energy Calibration  

To analyse the measured distributions and derive the 

generating spectrum, the energy calibration of multi-channel 

analysers is required. The low energy boundary of channel i, 

would be: 

E = W(i b) (4.6.1) 

where W is the energy width of each channel and b the number of 

back bias channels, that is the order of the channel with low 

energy boundary equal to zero. 

To determine the parameters of equation (4.6.1) for the 

distributions measured with a spectrometer containing LiF, one can 

utilise the monoenergetic alphas and tritons produced by the Li-6(n,a) 

reaction with thermal neutrons. For each diode two peaks can be 

measured corresponding to Ea  = 2.0568 MeV and Et  = 2.7295 MeV, 

while the peak corresponding to the Sum of the pulses detected in 

coincidence by the two diodes represents the sum of the alpha and 

triton energies equal to 4.7863 MeV for thermal neutrons. 

For the "Triton" distribution the alpha and triton peaks from 

the diode which is used to measure the in-core distribution provide 

two points from which W and b can be determined. For the Sum 

distribution there is only one point available, the sum peak channel, 
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so that the alpha and triton thermal peaks need to be measured with 

the Analyser used for the measurement of the Sum distribution to 

provide more points for the calibration. Considering that the 

amplifier gain and the linear gate and integrator conversion 

factor (pC to mV) can be changed by finite steps, the alpha and 

triton peak channels for the two different diodes can differ by 

one to two channels. In that case a median line has to be drawn 

from the Sum peak calibration point. 

A factor affecting the energy calibration, are the energy losses 

experienced by the alpha and triton while travelling through the LiF 

and gold layers prior to detection. The energy corresponding to the 

peak channel is equal to the nominal energy of the particle from the 

Li-6(n,a)t reaction reduced by these losses. 

For Experiment 1 the procedure previously described was used 

for the energy calibration. The energy losses for the alpha and 

triton in LiF were taken from Ref. (38), equal to 73 KeV and 12 KeV 

for the alpha and triton respectively. The energy loss of the alpha 

particle in the gold layer was computed assuming that: 

( A Ea)g = ()a 
,g  . dg 

dx  

with the rate of energy loss for 2.0 MeV alpha particle in gold taken 

equal to 0.322 MeV(mg/cm2) from Ref. (68), giving for an 80 p gm/cm2  

gold layer, (A Ea)g  = 26 KeV. The triton energy loss in this layer 

was taken to be 1/6 of the alpha loss, according to the ratio 

AEa)LiF,A A EL) . , and was found equal to 4 KeV. Thus the alpha 

energy loss in-both layers equals 99 KeV and the triton one 16 KeV, 

giving a total energy loss for the sum peak of 115 KeV. The 
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calibration for this experimert is shown in fig. (4.6.1). 

This method of calibration contains three sources of 

uncertainty: 

(a) The estimate for the energy losses of the particles 

(b) The use of peaks from individual diodes for the 

calibration of the Sum distribution 

(c) The number of back bias channels becomes dependent 

upon the energy losses of the particles in the dead 

layers and its stability cannot be checked. 

The contribution of energy calibration errors in the systematic 

error of the sum distribution technique can be estimated if one 

considers the relation between the integrated group flux between E 

and E+WI  and the measured distribution assuming infinite energy 

resolution 

D. 
Fi  - 	 

0()• s() - 

with 	1 = — E + b 

A fractional error At on i would contribute a fractional 

error ai  equal to: 

D. - D. AF.  = 	1+ .  
D. = AD. 1 (4.6.3) 

Differentiation of equation (4.6.2)(b) gives: 

di = E dW + db 
W2  

(4.6.4) 
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If the parameters W and b are cmsidered independent of one 

another, then it is obvious that: 

W (a) A fractional error AW = d -TA  on W results in 

the same fractional error on i 

(b) A fractional error Ab = db  on b results in a 

fractional error on i equal to 

Di = — Ab (4.6.5) 

Since b usually is much smaller than the order of 

the channels used to register the counts distribution 

to be analysed, the fractional error on i would be much 

smaller than Ab, decreasing further as i increases. 

Considering a 1.5% error on W the percentage error on Di, for 

the sum distribution shown in fig. (4.2.2) has been calculated for 

different neutron energies, and the results are shown in Table (4.6.1). 

Table 4.6.1  

Effect of a 1.5% error on the channel energy width  

upon the sum counts distribution with ener,Az 

W = 0.0324 Melf/ch, i(E = 0) 	= 135 

Neutron energy (MeV) 0.0 0.5 1.0 	2.0 	3.0 4.0 6.0 8.0 

% Di  error 6.5 8.5 16.0 W.5 10.0 7.0 5.0 2.0 
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Thus a small error on the channel energy width would result in 

a much higher error for the counts distribution with energy and 

through equation (4.6.2)(a) on the neutron spectrum, especially in 

the region 1.0 to 3.0 MeV. For higher neutron energies the error 

is smaller becoming equal to the statistical error of the distribution. 

The effect of such an error on W on the spectrum shapetwhen resolution 

unfolding is used for the analysis of the sum distribution is shown 

in fig. (4.6.2), where the derived spectra are arbitrarily normalised 

over the energy region above 5.0 MeV where the error is comparable to 

the statistical error according to the previous Table. A difference 

between 15 and 20% is observed between 1.5 and 2.0 MeV, becoming 12% 

at 3%. 

One may thus conclude that the accuracy of the energy calibration 

greatly affects the derived spectrum and the calibration method used 

in Experiment 1 would be inadequate, and the following technique has 

been considered. 

The number of back-bias channels, for each distribution, depends 

on the characteristics and setting of the electronics, and the multi-

channel analyser employed for the pulse height analysis of this 

distribution. As such it can be determined independently of neutron 

induced pulses, by the use of test pulses from a generator;  fed into 

the pre-Amplifier, provided that their shape simulates that of the 

neutron induced pulses. 

For each multi-channel Analyser ten test pulses with different 

pulse heights were employed and 10000 counts were accumulated under 

the peak of each pulse. These pulses were fed in both sides of the 

pre-Amplifier and the peak was registered in coincidence, while for 
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the multichannel Analyser used for the sum distribution the pulses 

from the two sides were first summed and then fed in the Analyser. 

The pulse heights were selected so that their peak channels were 

registered within the range Gf the neutron counts distribution. The 

test pulses employed were positive and square with 0.05 pS rise time 

and 0.5 ps fall time. 

A linear least squares fitting for the peak channel versus 

pulse height gives the number of back bias channels, according to 

the equations, Ref. (69): 

i = a. V + b 

INNO 	1 
=n • V 1 

n 
• 

a , b= i- a.V 

An estimate of the variance of b is given by the relations: 

2/ 	[1 a (b) = 

with - 	- 
1 

(a.V. + b)32  
1z71 	3 
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The test pulses employed and their peak channels together with 

the number of back bias channels derived by the least squares fitting 

for Experiments 2 and 3 are given in Table (4.6.2) together with their 

variance. This method permii,s the determination of the number of 

back-bias channels with a probable error of one channel or better. 

To ascertain that the back-bias did not change, the test pulse 

sequence was fed in after each NISUS irradiation and the peak channels 

were compared to those recorded prior to the irradiation. No systematic 

change was observed and the back bias value remained steady within one 

channel. It was also examined whether the number of back bias 

channels is affected by changes in the count rate. This involved a 

two-fold test. The back-bias was either determined by using the test 

pulse generator as before, but with different values for the pulse 

frequency, or by irradiating the spectrometer in the vertical thermal 

column of CONSORT, Ref. (70)tat different reactor powers. Variation 

of the reactor power from 100 Watts to 100 KW (full power) produced 

a very wide range of count rates for each of which the alpha and triton 

peak channels were recorded. As can be seen from Table (4.6.3) no 

systematic change was observed in the peak channel position. Similarly 

variations of the test pulse generator frequency in the range 25 Hz to 

2.5 kHz giving for the counts per minute a variation from 180 to 21000 

the peak positions for the test pulses did not show any systematic 

change. This test was repeated with different analysers (ECON, LABEN) 

and different spectrometers (40 and 120 gmAm2  LiF) with the 

same conclusions. 



Table 4.6.2  

Determination of Back bias Channels  

I 	Expt. Distribution Pulse Height/Peak Channel 	

, 

(V) 

No. of 
back-bias 
channels 

0.06 o.c8 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 
2 Triton -2.745 0.27 

45 59 73 88 102 116 130 144 158 172 

0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 
2 Sum -3.545 0,.30 

49 65 80 95 110 126 141 156 171 187 

10.06 0.07 0.08 0.09 0.10 0.12 0.15 0.20 0.25 0.30 
3 Triton 10.876 0.64 

61 .72 83 95 106 129 163 p22 285 341 

0.06 0.07 0.08 0.09 0.10 0.12 0.15 0.20 0.25 0.30 
3 Sum 12.289 0.89 

65 77 89 101 114 138 170 240 307 266 

I 



.1••■•■••■•■••■• 

Reactor power (KW) .100 .300 .500 1.00 2.00 10.00 30.00 100.00 

counts per minute 225 720 1200 2375 4645 22770 68550 223780 

a-peak 80 78 80 80 79 80 80 78 

t-peak 109 109 109 109 80 109 109 108 
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Table 4.6.3  

Thermal yeak positions  for clm_._1iferent s 

These tests showed that the back bias channels remained only a 

function of the electronics (Amplifier, linear gate and integrator), 

their setting, and the multi-channel Analyser employed and does not 

vary with the count rate. 

The next step for the energy calibration is to determine the 

energy width of each channel. For the analyser employed for the 

Triton distribution, the thermal neutron irradiation provides the 

two simultaneous equations. 

2.7295 - AEt  = Wt.(it  b) 	 (a) 

(4.6.6) 
2.0568 - AEa = Wt.(ia  b) 	 (b) 

and Wt could be determined from equation (4.6.6)(a) using the 

previously determined number of back bias channels and an estimate 

for AEt• Since the energy losses of the triton are small compared 

to the nominal triton energy and (it  b) is usually of the order of 

100, Wt  would show a small dependence upon AEt. Nevertheless, this 

would still not give an accurate estimate -.Cor AEa, which is required 

in order to calibrate the Sum distribution analyser afterwards. 



2.7295.K - 2.0568 W
t K.(i

t 
+ b) - (i

a 
+ 

(4.6.7) 
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For this reason, AEa  is substituted in equation (4.6.6)(b) by 

K. SE
t' where K is the ratio AE/ LEt, 

2.0568 - K. p Et  = Wt  (ia  b) 	 (4.6.6)(c) 

and from (4.6.6)(a) and (c) it can be found, that: 

To determine the value of K the following two assumptions are 

made: 

(a) That the pathlengths travelled by the alpha and triton, 

in LiF and gold, are equal for irradiation in a thermal 

neutron beam, parallel to the spectrometer axis: 

11. = 12. 
j = 1 LiF 

= 2 Gold 

(b) That the rate of energy .loss for particle i in layer j 

remains constant along its pathlength, so that: 

dE AE. = ()•. . 1.3.j a.j 	dx  

Since the geometry of the spectrometer is the same for both 

alphas and tritons their distribution around the spectrometer axis 

would be the same and so will be the distribution of their pathlengths 

in the two layers. For the second assumption, it can be seen from 

fig. (4.4.3) that for energy differences in the range 100 200 KeV 

from the nominal alpha and triton energies of 2.0568 and 2.7293 MeV 



(4Ea  )l  + (4Ea)2  K   

(AEt)1  + (a ) t 2 	(AEt)2 
1 + AT—E-T t 1 

(4.6.8) 

(AEt)2 Ki  + K2. Am- 
t 1 
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respectively the rate of energy loss expressed in MeV/(gm.cm2) 

changes by 1 to 3% only. As it will be seen ratios of (dE/dx) will 

be used to calculate K so that these changes would not be significant. 

Under these assumptions the value of K will be: 

dE 

`dx with K. = 

rej 

From fig. (4.4.3) the following values for the rate of energy loss 

are obtained for Ea = 2.0568 MeV and Et = 2.7295 MeV: 

dE 	\ 
t
dE
a)1  = 1168 , (we)2  = 297, 

f  
km
dEt
-E-11  = 224, aL)2  = 68 

all in MeV/(grA/cm2), giving Ki  = 5.214, K2  = 4.368. 

(AEt)2  

	

dE 	d2  

(dxt)2 	coS0 	d2 

	

The ratio — = dE 	. 	= 0.304 d-7- 
(AN)1 	( t)1 '1 	cos@ 

i = 1 LiF 

= 2 gold 

(4.6.9) 

For thermal neutrons impinging on LiF along the spectrometer axis the 

probability of inducing a Li-6(n,a)t reaction in it is the same throughout 

the LiF thickness since E exp(- Ez) ti  E for z of the order of a few 

microns, and dx  is put equal to 3d2  in equation (4.6.9), giving for K: 

5.214 + 4.368 . 0.304 . 2d2  

K = 

 

dl  
(4.6.10) 

2d2 1 + 0.304 . 
1 
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For d2  = 80 pgq/cm2 and d1  = 40, 120 Pgm/cm
2 equation (4.6.10) gives 

K40  = 4.750 and K80  = 4.970 respectively. 

Using these values for K and the back-bias previously calculated, 

the calibration of the Triton distribution for Experiments 2 and 3 

is found from equation (4.6.7) and is given in Table (4.6.4) together 

with the corresponding alpha and triton losses. 

Table 4.6.4 

Triton and Sum Calibration  

a-peak ch. t-peak ch. Wt(MeV/ch) AEt(KeV) AEa(KeV) 

Expt. 2 97 132 0.0210 16.5 79 

Expt. 3 94 137 0.0183 28 144 

Sum peak ch. 2 	2 1  AEs = (&Ea- AEt )Y ws 
(KeV) MeV/Ch 

&pt. 2 126 81 0.0384 

Expt. 3 131 • 144 0.0324 

For the Sum distribution one calibration energy suffices since 

the number of back-bias channels is known and the thermal sum peak is 

only employed to determine the channel width: 

4.7863 - AEt  = W . (is  + bs) 
	

(4.6.11) 

The energy reduction in the summed energy of the reaction products 

initially was calculated as the sum of AEa  and' AEt, but after 
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consideration of the statistical nature of the energy loss process 

and the pathlengths travelled by the particles, this was replaced by: 

AEs  = ( AEt2  + AE2)1 
	

(4.6.12) 

In the case of thin LiF layers this does not produce any significant 

difference, but for thicker ones it could result in a difference for 

Ws up to 1%. The values obtained in this way for the Sum distribution 

calibration for Experiments 2 and 3 are also shown in Table 4.6.3. 

The energy calibration method described here contains two 

independently determined variables b and K. The uncertainty associated 

with the value of b is very small and its effect on i would be even 

smaller as shown before. If an uncertainty of 10% is assigned to K 

the result on W
s would be an uncertainty smaller than 0.1% which would 

have a negligible effect on the calculated spectrum as it would produce 

a shift by one channel for every 100 channels of the measured distribution. 

The efficiency of this method was also tested by a Monte Carlo 

simulation of the spectrometer irradiation in a thermal beam parallel 

to the spectrometer axis. The simulation described for the geometric 

efficiency calculation was employed except for the neutron entrance 

and reaction weighting part of it, since in the present case all 

neutrons enter through one of the bases and have only one direction. 

The (n,a) reactions were considered to occur with the same probability 

along the LiF axis and the reaction products were emitted isotropically 

around the spectrometer axis, travelling in opposite directions 

according to the reaction Kinematics. The energy losses were calculated 

through the residual range as for the "geometric efficiency" calculation 

with the only difference that the fitting of the calculated range values 
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for the triton particle was made for a narrow range of energies 

around the thermal triton energy of 2.7295 MeV. Since the energy 

losses of the triton are of the order of 15 to 40 KeV representing 

only :1% of its total energy, high accuracy on the range-energy relation 

is required to resolve them. The results obtained are shown in fig. 

(4.6.3) and (4.6.4). The energy losses predicted for the reaction 

products are shown in Table (4.6.5). 

22asti-21.a tigs...a2I1221-1.1  predicted 

dgold (110)/cm2) 40 80 120 

AEa (KeV) 70 110 140 

AEt  (KeV) 15 23 30 

AEs 
(KeV) 75 120 150 

The values for the reaction product energy losses from the Monte 

Carlo calculation are in good agreement with the values derived by the 

energy calibration and the same is true for the ratio AEI AN. 

Also the use of geometric instead of arithmetic summation of these 

energy losses to derive AEs is justified by these results. 

For the background spectrometers the back bias was determined as 

for the foreground ones, and was in agreement with the value found for 

the foreground spectrometers within their standard deviations (less 

than 1 channel). To derive the energy width per channel a small 

Am-241 deposit exists on one of the diodes and the 5.48 MeV alpha peak 
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is employed. At this energy the rate of energy loss for alphas in 

Gold is 223 MeV/(gm/cm2). From the results obtained by the Monte 

Carlo calculation for the energy losses of the alphas and tritons 

it was observed that in all cases the calculated energy loss as 

near the value (2E)11"1 (25'42 d2. Using this relation for , 	,  

the Americium alpha in gold it gives: 

(AE)g  = 223 * 80 * 10-6  LT.. 0.01784 MeV 

and the calibrating energy for the background spectrometer becomes 

5.46216 MeV. The energy width per channel for the background 

distribution was always within 1 to 2% from the foreground value. 

4.7 Analysis of Measured Distributions and Results  

After the energy calibration of the measured distributions is 

determined, the background counts are normalized to the foreground 

irradiation time and subtracted from the integrated counts in the 

corresponding foreground distribution channel to give the true 

distribution of the counts from the (n,a) reaction. 

For the Sum technique the generating spectrum can be calculated 

from this distribution using equation (4.3.5)(b), if the energy 

resolution of the system is assumed to be infinite. The FWHM resolution 

for the Sum peak was 230 KeV for the 40 Pgq/cm2 detector and 300 KeV 

for the 120 pgm/cm2 one. Considering that for energies lower than 2.0 

to 2.5 MeV the statistics of the measurement allow energy groups of 

77 Na (2*0.0384 MeV/eh), and 115 KeV (3*0.0384 MeV/ch) to be used in 

the'amlySis of the distribution measured with a spectrometer carrying 
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. 	
t a 40 gm/cm2  LiF (Expt. 2), the finite energy resolution could 

appreciably affect the derived spectra. This effect would be more 

noted in the case of the spectrometer with a 120 Pgra/cm2  LIF (Expt. 3) 

where the resolution worsens due to the increased energy losses suffered 

by the reaction products in the Li F (fig. 4.6.3). 

When the finite resolution of the system is taken into consideration, 

the response matrix is transformed, as discussed in section 4.3, and 

matrix unfolding has to be used in order to derive the neutron spectrum. 

The resolution function employed for the analysis of the sum counts 

distribution is the sum peak obtained by the irradiation of the 

spectrometer in the thermal column. For measurements at 30 and 60 KW 

Reactor power this resolution function was modified at its high energy 

part according to the changes induced upon a test pulse response by 

the gamma-dose present in the NISUS environment at these energies, 

fig. (3.3.3). These changes did not affect the shape of the resolution 

function at 30 KW considerably, but they helped to improve the agree-

ment between the 30 and 60 KW results, especially in the region around 

1.5 MeV. This result is in agreement with measurements in ZEBRA, 

Ref. (67). 

Regarding the unfolding, it is noted that the relation between the 

measured distribution and the generating spectrum is of the form: 

E
2 

D(E) = f P(E',E) 0(EI)dEl 

El  

for both the Sum and Triton distributions. Since D(E) and 0(E1) are 

well behaved and the interval E)  to E2  is finite, this is a non-

singular Fredhoim equation of the first Kind. This equation may be 

(4.7.1) 
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solved by numerical methods after it is reduced to a set of siiiultaneous 

linear equations, which may be represented in matrix notation by 

D = P 0 	 (4.7.2) 

Although mathematically the required vector 0 can be obtained by 

the relation 

0 = p 

where P
-1 is the inverse of matrix P, in practice errors in the measured 

distribution and the elements of the response matrix, which are 

propagated to the inverse matrix elements, produce large errors in 

0 and the above solution will possess inherent oscillations, which 

render this solution physically meaningless. Iterative techniques 

offer the possibility of a reduction in the number of operations 

required to find a solution satisfying equation (4.7.2), within the 

experimental error of vector D, and thus reduce the propagation of.  

error. The particular technique employed here was developed by 

Gold, Ref. (71) and is described in Appendix C. 

For the triton counts distribution, the resolution function was 

taken to be a Gaussian with FWHM equal to that of the triton peak from 

the thermal neutron irradiation. Thus Riki  in equation (4.3.14), is 

equal to: 

(i-102  RIKJ . = 
	2 exp (- 2.7726 . A2 

) 

-9 normalized to give ER'Kj 
= 1 within the boundaries 2.10 <RIKj <1.0. 
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The effect of gamma rays oa the triton energy resolution was 

measured, as for the Sum distribution, by the distortion caused on 

a test pulse response at the different reactor powers employed in 

the experiments, by comparison to th,, test pulse response with the 

spectrometer in the thermal column. The fact that the triton peak 

is more narrow and symmetric than the sum peak, did not necessitate 

any change in the shape of the triton resolution, only a change in 

the FWHM to account for its worsening, at high reactor powers. 

As mentioned in section 4.3, the counts distribution from one 

diode corresponding to particle energies higher than 2.73 MeV contains 

counts from alpha particles produced by reactions with neutrons having 

energy higher than 400 KeV, and the theoretical response function is 

modified accordingly. Since the rate of energy loss for the alphas 

is considerably higher than for the tritons, the resolution of the 

thermal alpha peak is worse, by a factor of 3 approximately. If 

the theoretical response matrix is separated in two response matrices 

one for the triton counts contribution. in each distribution group and 

the other for the alphas, each of these matrices can be folded with a 

resolution matrix formed as described before but with different values 

for A . The two product matrices are then added to form the response 

matrix for the analysis of the measured distribution. Although this 

response matrix, theoretically is more accurate compared to the one 

derived using the triton resolution for both triton and alpha induced 

counts, the results obtained by unfolding the measured distribution 

with the former were more oscillatory, especially around the 247 KeV 

resonance and this matrix was not used finally. 
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The "triton" counts distribution is employed to derive to 

neutron spectrum from 10 KeV up to a few hundred KeV (500-60C KeV), 

at higher energies the "sum" technique being superior. Hence for 

the analysis to be performed in terms of the maximum possible energy 

of a triton produced by a neutron of energy En, (section 4.3), the 

counts distribution between 2.73 and 3.73 MeV needs to be considered, 

since 3.73 MeV is the maximum triton energy from the Li-6(n,a)t 

reaction induced by a 600 KeV neutron according to the reaction 

Kinematics. 

Nevertheless neutrons of higher energies can produce alphas and 

tritons within the 2.73-i- 3.73 MeV range. This contribution cannot 

be taken into account by the response matrix, which as of its 

formulation represents the relation between the measured distribution 

between 2.73 and E2  MeV, and the generating neutron spectrum from 

thermal energies up to a neutron energy 	such such that (Et(En ))max = E2 

(in the present case, E2  = 3.73 MeV, En  = 0.600 MeV). 

For this reason a correction has to be applied upon the measured 

distribution for this high energy background, prior to unfolding by 

the response matrix. From the reaction Kinematics it is found that 

tritons with energies in the 2.73 to 3.73 MeV range are produced by 

neutrons with energies up to 9.0 MeV, while for alphas in the same 

range the upper limit on the neutron energy exceeds 10.0 MeV. 

Considering the fast falling Li-6 section at energies higher than a 

few hundred KeV, the rapidly decreasing neutron energy spectrum in 

NISUS at high neutron energies, and the fact that the energy range 

for the alpha and triton products from the Li-6(n,a)t reaction 

increases with neutron energy, this high energy background is a 
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steeply decreasing functioll of energy. The alpha and triton 

counts at 3.73 MeV, produced by the neutron flux at 1.0 MeV 

represents 20% of the counts at this energy produced by the neutron 

flux at 600 KeV, while the corresponding figure for the neutron 

flux at 3.0 MeV is 1%. Thus the "High energy background" can be 

confined only to counts produced by neutrons with energies up to 

2.5 MeV. 

If the energy range 2.73 to 3.73 MeV is divided in 50 groups 

each of 20 KeV energy width, the triton counts contributed to each 

group by the neutron flux at energy En, would be: 

Ej+1 
Djt  (En) = 	 r.  PE 	0(En) dEt5 j = 1,50 j  

E. 

(4.7.3) 

with PE (Et) given by equation (4.3.11). For groups of equal energy n 
 

width and under the assumption of isotropic emission of the reaction 

products in the centre of mass system, equation (4.7.3) will give for 

tf En in the range 0.600 to 9 MeV, a value for D
3
.‘E

n 
 j independent of j: 

Djt (En) = Dt (En) 	j = 1,50 	 (4.7.4) 

Similarly, for the alpha counts distribution it is found that: 

Dja  (En) = Da(E
n
) for j = 1,K 

= 0 	for j = K + 1,50 

with K defined by: %la  >(Ea(En))max  > Ex  
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This distinction for the alphas is necessary if En  is smaller 

than 1.4 MeV because only for higher neutron energies (Ea(En))max 
becomes higher than 3.73 MeV. 

From equations (4.7.4) and (4.7.5) the total contribution to 

distribution group j can be found and numerical integration over 

Ea, varying from 0.6 to 2.5 MeV, gives the "high energy background" 

for each distribution group, Fig. (4.7.1). 

Earlier calculations, Ref. (58) and (74), for the angular 

distribution of the reaction products in the centre of mass system 

did not cover the neutron energy range above 600 KeV, and the 

reaction was assumed to be isotropic. More recent calculations, 

Ref. (59), show that the anisotropy of the reaction extends to 

neutron energies in the range 600 KeV to 1.8 MeV. These results 

which are given in the form of Legendre polynomials series 

expansion, were used in equation (4.3.11) and Djt(En) and D.a(E ) n 

were evaluated by numerical integration. Subsequent integration 

over En, as before gives the "High energy background" as before, 

Fig. (4.7.1). 

According to these calculations, the "High energy background" 

exhibits a 19.5% decrease within the energy range 2.73 to 3.73 MeV 
for the isotropic case, which is reduced to 15% if the anisotropy 

of the reaction in the centre of mass system is considered. In 

practise the shape of this background will be flattened as a result 

of the finite energy resolution of the system, so that a flat con-

tribution to all distribution channels to be analysed is justified. 

An estimate of this contribution can be obtained by the actual counts 

received in the channels higher than the one corresponding to the 
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3.73 MeV energy. The effect of the actual value employed in the 

analysis upon the derived spectrum is very small, so that an 

uncertainty of + 10% on this value can be tolerated. 

The analysis of the measured distributions was made using 

LITHIUM which was written in FORTRAN IV, and can be used in CDC 

6000 and 7000 series computers. The program contains options for 

the analysis of the "Sum","triton" and "Difference" counts 

distributions (Chapter 5). The data for the program are the raw 

foreground and background distributions, the energy width per 

channel for the foreground and background measurements. The number 

of back bias channels, as found in section 4.6, and the respective 

irradiation times. From these data the counts distribution from 

the Li-6(n,a)t is calculated, (subroutine PREDAT). From this 

distribution the distribution to be analysed is derived. For the 

"Sum" technique the width of the distribution groups to be analysed 

is a multiple of the energy width per channel of the foreground 

distribution, and the low energy boundary for the first group is 

4.7863 MeVythe Q-value of the reaction, (Subroutines BUNC and GO. 

For the "triton" technique the width of the distribution groups 

to be analysed is set independently from the energy width per 

channel of the measured distribution, considering the energy 

resolution of the system and the number of groups required to cover 

the range 2.73 to 3.73 MeV. This width must be given in the input 

data (Subroutine DISTAN). 

In the analysis of the experiments in NISUS 50 distribution 

groups were used for the analysis of the "Sum" distribution and 25 

groups, 10 KeV wide each, for the "triton'i technique. For the 

second technique the "High energy background" is subtracted from 
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the distribution to be analysed prior to unfolding. 

Next the response matrices are calculated for each case, 

(SORES, TRIBES) and are folded with the corresponding resolution 

matrix (SUMRESL, GAURESL). 

For the matrix unfolding the routine applying the Gold 

unfolding technique used at Winfrith, Ref. (20) was used, with 

minor modifications for faster execution on the CDC computers. 

Two separate normalisation factors offer the possibility 

to normalize results from the same experiment (e.g. triton to Sum, 

results from the Sum technique obtained from different groupings) 

or results from different experiments according to their counting 

rates and irradiation times. The output spectrum is given in terms 

of the pointwise flux per unit lethargy. Also the flux prior to 

unfolding is given, according to equation (4.3.5)(b) from the "Sum" 

counts distribution to be analysed. 

The data for the Li-6(n,a) cross section employed for the 

analysis of these experiments are those derived in Ref. (75), in 

the range 150 KeV to 3.9 MeV. These data have been obtained by 

measurements of the efficiency of Li-6 sandwich spectrometers 

against counters with known relative efficiency. They have the 

advantage of being a single set of measurements extending over the 

peak of the resonance up to a few MeV, and their claimed accuracy 

is + 5% between 100 KeV and 500 KeV, falling to + 10% at 3.9 MeV. 

These data are normalized to the recommended curve, derived by the 

total cross section calculations of Uttley and Diment, Ref. (78), 

over the range 300 to 500 KeV. For lower neutron energies the 

data of Schwarz, Ref. (76), were employed which are in agreement 



- 149 - 

with recent experimental results, Ref. (77), and at higher neutron 

energies the renormalized data of Ribe, Ref. (79), which agree in 

shape with the results of Ref. (75) over their region of overlapping. 

The data employed are shown in fig. (4.7.2) together with the data 

contained in the ENDF/B files, Ref. (49). There is considerable 

disagreement between the two sets especially in the region 1 to 

3 MeV, where the ENDF/B data, based on the Pendlebury compilation 

Ref. (80), are higher by a factor of two. Analysing the "Sum" 

counts distribution with these two sets it was observed that the 

derived neutron spectra, both before and after unfolding, were in 

good agreement regarding their shape, at energies higher than 850 

KeV. Normalising the two spectra over the EISUS peak (388 to 639 KeV) 

the spectrum derived using the ENDE/B data, was considerably lower 

than proton recoil results in the range 700 KeV to 1.7 MeV, and the 

ANISN calculation up to 4 MeV. For this reason the previously 

mentioned measurements were used to derive the neutron spectra from 

the experimental distributions. 

For the analysis of the "triton" distribution the angular 

distribution of the reaction products in the centre of mass system 

is required, in addition to the total (n,a) cross section (equation 

4.3.11). Using the Legendre coefficients derived in Refs. (58), (59), 

(74)1  the derived neutron spectrum in the range 10 to 150 KeV did not 

follow the drop in the flux per unit lethargy which was predicted 

by the ANISN calculation and the proton recoil counters, Ref. (13). 

Using the modified Bluet set used to force agreement between Li-6 

and time-of-flight results in ZEBRA, Ref. (39), agreement was 

obtained with experimental and theoretical results away from the 
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247 KeV resonance, as can be seen in fig. (4.7.3), the derived 

spectrum following the predicted slope below 150 KeV. 

The results obtained from Experiments 1, 2 and 3 are given 

in Tables (4.7.1), (4.7.2), (4.7.3)  respectively, as the pointwise 

neutron flux per unit lethargy. The results up to an energy 400 

to 430 KeV have been derived from the "triton" technique while 

for higher energies were derived from the "Sum" technique. A 

graphical comparison with theoretical calculations made using the 

one-dimensional, discrete ordinates code ANISN and/or proton recoil 

measurements are given in fig. (4.7.4), (4.7.5), (4.7.6). 

The neutron energy resolution obtained with the triton 

technique is not fine enough to permit identification of 

individual resonances of the materials contained in the stainless 

steel body of the spectrometer. The oxygen resonance at 1.66 - 1.91 

MeV is resolved in experiment 3 which has the best statistics since 

it was made with a 120 pgm/cm2  LiF layer. 

The effect of the 247 KeV broad resonance of the Li-6(n,a) 

reaction is prominent on all results in the range 150 to 350 KeV. 

The neutron spectrum values obtained by the analysis of the "Sum" 

counts distribution, exhibited a dip in that region, recovering at 

lower energies. Resolution unfolding flattened the neutron spectrum 

over this region but it was still considerably lower than the value 

predicted by theory and the proton recoil results. For the "triton" 

technique, this resonance resulted in oscillations within the 

previous range, if the unfolding method was allowed to proceed until 

the convergence criterion was satisfied. Observing the rate of 

convergence through successive iterations it was seen that very 
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Table 4.7.1 

Neutron spectrum for NISUS configuration 1 

E122riment 1)  

Neutron 
energy 
(MeV) 

Flux 
per unit 
lethargy 

Neutron 
energy 

Flux 
per unit 
lethargy 

Neutron 
energy 

Flux 
per unit 
lethargy 

0.01771 0.4340 1.1753 2.1824 4.2108 0.7398 

0.0300 0.6441 1.2775 1.9486 4.3471 0.5725 

0.0449 0.6669 1.3797 1.6357 4.4833 0.5177 

0.0619 1.1079 1.4819 1.4705 4.6196 0.6285 

0.0808 1.8774 1.5841 1.4895 4.7559 0.3734 

0.1014 1.7492 1.6863 1.6328 4.8921 0.3504 

0.1235 1.8364 1.7885 1.5432 5.0283 0.3564 

0.14701 2.0620 1.8907 1.4481 5.1645 0.4542 

0.1717 1.9079 1.9929 1.5408 5.3008 0.2528. 

0.1975 3.1163 2.0951 1.4586 5.4371 0.2556 

0.2243 3.1399 2.1973 1.4279 5.5733 0.2595 

0.2520 3.5620 2.3031 1.3465 5.7096 0.1849 

0.2806 • 3.1605 2.4393 1.2627 5.8459 0.2800 

0.3100 3.4461 2.5756 1.2851 5.9821 0.2135 

0.3401 3.3412 2.7119 1.1627 6.1184 0.0457 

0.3708 3.4371 2.8481 1.1087 6.2547 0.0834 

0.4228 3.1656 2.9844 0.8297 6.3909 0.1082 

0.4341 2.9929 3.1207 0.9037 6.5272 0.1621 

0.4599 3.1223 3.2569 0.9329 6.6635 0.2236 

0.5621 3.2297 3.3932 0.8359 6.7997 0.1459 

0.6643 3.1054 3.5295 0.8403 6.9360 0.1610 

0.7665 3.1656 3.6657 0.9387 

0.8687 2.5491 3.8020 0.8504 

0.9709 2.0209 3.9383 0.6748 

1.0731 2.2407 4.0745 
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Table 4.7.2 

katsa_specIrmfor  NISUS configuration lb  
(Experiment 2) 

Neutron energy 
(MeV) 

Flux per unit lethargy 
10 KW 	30 KW 	60 KW 

0.01771 0.5134 0.5638 0.4611 
0.0300 1.0466 1.0870 1.0252 
0.0449 1.2802 . 	1.3209 1.2912 
0.0619 1.9059 1.8696 1.7440 
0.0808 2.4680 2.4369 2.3202 
0.1014 2.5129 2.5438 2.4061 
0.1235 2.6562 2.6452 2.4722 
0.1470 2.9102 2.9156 2.9974 
0.1717 3.0901 3.1608 3.3641 
0.1975 3.8425 3.8491 3.7099 
0.2243 3.9364 3.9541 3.7806 
0.2520 4.2729 4.2784 3.8724 
0.2806 3.8548 3.8824 3.7674 
0.3100 4.2033 4.2497 4.0267 
0.3401 4.6124 4.6234 4.5612 
0.3708 4.2809 4.3415 4.8885 
0.4022 5.3090 4.7251 5.6563 
0.4341 5.3811 5.1064 5.3583 
0.5184 5.1929 4.9886 5.2601 
0.6336 4.9790 4.8880 5.0935 
0.7488 4.8052 4.5165 4.7412 
0.8640 4.0781 4.0966 3.8867 
0.9792 3.3853 3.4523 3.5028 
1.0944 3.2634 3.2400 3.1834 
1.2096 3.1375 3.1345 3.0462 
1.3248 2.7390  2.6067 2.8127 
1.4400 2.6814 2.5351 2.5473 
1.5552 2.7573 2.6322 2.7534 
1.6704 2.4171 2.4546 2.5428 
1.7856 2.4135 2.4425 2.5505 
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Table 4.7.2 (contd.)  

I-- 
Ns.utron energy 

(MeV) 
Flux per unit lethargy 

10 KW 	30 KW 	60 KW 

1.9008 2.4785 2.6754 2.5452 
2.0160 12.3013 2.5137 2.4580 
2.1312 2.4382 2.4252 2.4734 
2.2464 2.6538 2.5621 2.8811 
2.3616 2.3625 2.3186 2.4984 
2.4768 2.2218 2.3364 2.6898 
2.5920 2.1816 2.2859 2.4857 
2.7072 2.1567 2.1598 2.3816 
2.8224 2.2300 2.0969 2.2935 
2.9376 2.0301 2.0603 2.0476 
3.0528 1.8455 1.9609 2.0013 
3.1680 1.7242 1.7866 1.8924 
3.2832 1.7569 1.7655 1.8542 
3.3984 1.6628 1.8037 1.8871 
3.5136 1.5238 1.6572 1.5013 
3.6288 1.2896 1.4403 1.3937 
3.7632 1.1968 1.3254 1.3015 
3.9168 	. 1.2073 1.1893 1.2192 
4.0704 1.1338 1.2686 1.3226 
4.2240 0.9594 1.0791 1.0828 
4.3776 0.8818 1.0137 1.0961 
4.5312 0.8730 0.8145 0.8873 
4.6848 0.7743 0.7583 0.8487 
4.8384 0.7634 0.7656 0.7731 
4.992o 0.7248 0.8186 0.7665 
5.1456 0.6973 0.6529 0.5217 
5.2800 0.6576 0.8372 0.6398 
5.4720 0.4875 0.7704 0.7453 
5.6640 0.5311 0.4687 0.5006 
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Table 4.7.2 (contd.  

Neutron energy 
(MeV) 

Flux per unit lethargy 
10 KW 	30 KW 	60 KW 

5.8560 0.3362 0.4655 0.4574 

6.0480 0.3272 0.3118 0.4563 

6.2400 0.4314 0.2564 0.3854 

6.4520 0.3489 0.4512 0.4048 

6.624o 0.2778 0.2138 . 	0.2126 

6.8160 0.3204 0.2762 

7.0080 0.1729 0.2860 

7.2000 0.2431 0.1484 

7.3920 0.1695 

7.5840 0.1057 

7.7760 0.1649 

7.9860 0.1003 
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Table 4.1:1  

Neutron spectrum for NISUS configuration lb  

(Experiment 3) 

Neutron 
energy 
(MeV) 

Flux per unit lethargy 

30 KW 	60 KW 

Neutron 
energy 
(ma) 

Flux per unit lethargy 

30 KW 	60 KW 

0.01771 0.4660 0.4538 1.1192 2.7627 2.9123 

0.0300 0.9077 0.8396 1.2165 2.5093 2.6018 

0.0449 1.0677 1.1513 1.3138 2.3501 2.4606 

0.0619 1.4235 1.6143 1.4111 2.1660 2.4041 

0.0808 2.0258 2.0004 1.5084 2.1150 2.3026 

0.1014 2.2004 2.1671 1.6057 1.9954 2.1682 

0.1235 2.3498 2.3388 1.7030 1.8816 2.2025 

0.1470 2.4650 2.3939 1.8003 1.4717 2.2680 

0.1717 2.7359 2.9149 1.8976 2.0563 2.2363 

0.1975 3.2387 3.1538 1.9949 1.9558 2.1166 

0.2243 3.1166 3.0503 2.0922 1.9671 2.1362 

0.2520 3.2427 3.1524 2.1895 1.9320 2.0581 

0.2806 3.1552 3.4383 2.2868 1.9834 2.0486 

0.3100 3.7320  3.6667 2.3841 2.0956 2.0725 

0.3401 3.4886 3.4395 2.4814 1.9262 2.0548 

0.3708 4.2439 3.7802 2.5787 1.8871 1.9443 

0.4022 . 	4.5155 4.3165 2.6760 1.8160 1.8804 

0.4381 4.1001 4.0218 2.7733 1.7218 1.8106 

0.5354 4.2518 4.2272 2.8706 1,:_31 1.6985 

0.6327 4.0000 3.8556 2.9679 1.686 1.6727 

0.7300 4.0080 4.5072 3.0652 1.4634 1.4621 

0.8273 3.9489 4.0716 3.1625 1.3653 1.3557 

0.9246 3.5206 3.5639 3.2598 1.3281 1.3239 

1.0219 3.0654 3.1192 3.3571 1.2535 1.2808 
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Table 4.7.3 (contd.)  

Neutron 
energy 
(MeV) 

Flux per unit lethargy 

30 KW 	60 KW 
-4 

Neutron 
energy 
(MeV) 

Flux per unit lethargy 

30 KW 	60 KW 

3.4544 1.1643 1.2323 6.8456 0.2210 0.220 
3.5517 1.0698 1.1561 7.0579 0.1950 0.2731 
3.6490 1.0156 1.1359 7.2201 0.1630 0.1803 

3.7463 0.9850 1.0654 7.3824 0.1080 0.1355 
3.8436 0.9509 1.0114 7.54/6 0.0734 0.1031 

3.9409 0.9830 1.0082 7.7069 0.0866 0.0851 
4.0382 0.9067 1.0650 7.8691 0.0742 0.0631 
4.1355 0.9996 0.9959 8.0314 0.0826- 0.0765 
4.2328 0.9437 0.9397 
4.3301 0.8306 0.9206 
4.4274 0.8197 0.8534 
4.5247 0.8561 0.8169 
4.6220 0.7186 0.7387 
4.7193 0.7104 0.7423 
4.8675 0.6812 0.7248 
4.9972 0.7149 0.6723 
5.1270 0.6763 0.6330 
5.2567 0.6105 0.5818 
5.3864 0.6097 0.5027 
5.5162 0.5354 0.4992 
5.6459 0.4936 0.4473 
5.7756 0.4453 0.4180 

5.9054 0.4161 0.3820 
6.0351 0.3404 0.3147 
6.1648 0.3743 0.3487 
6.2945 0.3572 0.3173 

6.4243 0.2880 0.2953 
6.5711 0.2820 0.3086 

6.7334 0.2710 0.3529 
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little change was made upon the spectrum values in the range 

10 to 100 KeV as the number of iterations increased above a 

number of 5 to 7. Hence the iterative unfolding was stopped 

at these iterations to avoid the introduction of physically 

meaningless oscillations. As the reactor power increased and 

the resolution of the energy measurement worsened, the effect 

of the resonance becomes stronger and affects the agreement 

between results obtained by the "triton" distribution analysis, 

even if the resolution function is broadened to account for the 

increased FWHM. 

At higher neutron energies the derived spectra from experiments 

2 and 3 are in agreement within + 5% except for a region between 3 

and 4 MeV where the spectrum values fromexperiment 2 are higher 

by 12%. Since the depletion layer for the diodes employed in 

experiment 2 is 180,u , (section 5.4) the maximum energy for a 

triton to be completely stopped within this layer even when it 

enters it along the spectrometer axis is 6.5 MeV which is the 

maximum triton energy from a reaction induced by a 3.4 MeV neutron. 

Hence the "Sum" counts distribution corresponding to the previously 

mentioned range will be distorted by counts corresponding to higher 

energy neutrons which are registered there because the triton product 

of the reaction is not completely stopped within the diode layer. 

In Tables (4.7.4) and (4.7.5) are given the measured neutron 

spectra collapsed in the theoretical energy groups, normalised to 

a total flux equal to 1 in the range 0.0248 to 7.00 MeV, and their 

ratios, for comparison between different reactor powers and different 

spectrometers. Also the ratios of the spectra as measured by the Li-6 
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technique to the ANISN calculation results and the proton recoil 

measurements are given normalised over the region 0.639 to 0.821 MeV. 

Apart of the region affected by the 247 KeV resonance it is observed 

that the theoretical results underpredict the spectrum in the region 

1.5 to 2.8 MeV. The same fact is observed when the theoretical 

results are compared with proton recoil measurements and results 

obtained by unfolding reaction rates of threshold detectors, Ref. (81). 

Hence the discrepancy should be attributed to the nuclear data of 

U-238, especially for inelastic scattering, as indicated by studies 

of the U-238 data by Williams, Ref. (82). The Uranium data employed 

for the theoretical calculation were those included in the UKNDL 

data files. Nevertheless similar discrepancies were observed, 

Ref. (83), between experimental results and Monte Carlo calculations 

employing the KEDAK library data set. In that case, corrections of 

the inelastic scattering data contained in the files, resulted in 

good agr'eement between theoretical and experimental values. 

The use of the calibration technique discussed in section (4.6) 

reduced the error of the derived spectrum due to calibration, to 

negligible amounts (smaller than 0.1%), leaving as major contributors 

to the derived spectrum uncertainties, statistical errors, which are 

enhanced by the iterative unfolding, and errors in the cross section 

values employed. 

Since at a given neutron energy the probability for a Li-6(n,a) 

reaction has a constant value, the number of reactions taking place at 

this energy, within an irradiation period T, follows the binomial 

distribution. Consequently a single measurement CE(T) over an 

irradiation period T represents an estimate of the mean of the distribution, 

while an estimate of the variance of the mean, can be obtained by the relation 

02 = CE  (T). 



Table 4.7.4 

The NI= lb spectrum from experiment 2 collapsed in theoretical  

energy groups and comparison with other experimental and theoretical results  

Lower group 
boundary (MeV) 

Flux/Lethargy es2-10 °2-30 2-30 °2-10 el 2-30 22:22 
PRC 

0ANISN 

10 KW 30 KW 60 KW la2-30 °2-60 PRC PRC e 2-30 

0.0248 0.0694 0.0726 0.0681 0.9559 1.0661 1.2195 1.3236 1.2020 0.8541 

0.0409 0.1038 0.1047 0.0994 0.9914 1.0533 1.0710 1.1207 1.0301 0.9834 

0.0674 0.1525 0.1511 0.1424 1.0093 1.0611 1.0901 1.1206 1.0225 0.9803 

0.0865 0.1661 0.1675 0.1579 0.9916 1.0608 1.0586 1.1075 1.0108 0.9832 

0.1110 0.1776 0.1783 0.1700 0.9961 1.0488 0.9080 0.9458 0.8731 1.0,783 

0.1430 0.2261 0.2289 0.2277 0.9878 1.0053 0.9362 0.9833 0.9470 0..9931 

0.2350 0.2788 0.2809 0..2744 0.9925 1.0237 0.9283 0.9704 0.9178 1.0516 

0.3880 0.3422 0.3233 0.3409 1.0584 0.9484 1.0673. 1.0462 1.0680 1.0354 

0.6390 0.3154 0.301+0 0.311+0 1.0375 0.9681 1.0000 1.000o 1.0000 1.0000 

0.8210 0.2373 0.2392 0.2341 0.9920 1.0217 0.9210 0.9631 0.9125 0.9985 

1.1500 0.1820 0.1780 0.1813 1.0224 0.9818 1.0461 1.0615 1.0468 0.8494 

1.7400 0.1546 0.1584 0.1665 0.9760 0.9513 0.7754 

2.8700 0.1127 0.1186 0.1196 0.9502 0.9916 0.8054 

3.6800 0.0674 0.0721 0.0743 0.9348 0.9703 0.9360 

4.7200 0.0380 0.0431 0.0409 0.8817 1.0538 0.8885 	. 

6.0700 0.0197 0.0216 0.9120 1.0148 

(7.0000) 



Table  

The NISUS lb neutron spectrum from experiment 3 collapsed in theoretical  

energy groups and comparison with other experimental and theoretical results  

Lower group 
boundary (MeV) 

Flux/Lethargy 
 03_30 02-30  02-60 0ANISN '2)3730 oANISN °3-60, 

30 KW .60 KW '2/3-60 03-30 °3-60 °3-30 o PRC °3-60 o PRO 

0.0248 0.0715 0.0676 1.0577 1.0150 1.0069 0.8934 1.2624 0.9911 1.1404 

0.0409 0.0979 0.1059 0.9244 0.9890 0.9385 1.0859 1.0149 1.0505 1.0491 

0.0674 0.1464 0.1474 0.9932 1.0413 0.9661 1.0447 1.0515 1.0859  1.0117 

0.0865 0.1709 0.1661 1.0289 0.9804 0.9504 0.9950 1.0944 1.0714 1..0164 

0.1110 1.1855 0.1807 1.0266 0.9611 0.9406 1.0702 0.9530 1.1497 	1 0'837°  
0.1430 0.2273 .0.2239 1.0152 1.0068 1.0169 1.0326 0.9457 1,070 0.8901 

0.2350 0.2774 0.2688 1.0320 1.0128 1.0208 1.0995 1.1058 1.1875 0.8600 

0.3880 0.3305 0.3183 1.083 0.9782 1.0710 1.0458. 1.0358 1.1364 0.9532 

0.6390 0.3139 0.3285 0.9555 0.9685 1.0462 1.0000 1.0000 1.0000 1.0000 

0.8210 0.2602 0.2599 1.0011 0.9193 0.9008 0.9478 1.0146 0.9930 0.9684 

1.1500 0.1745 0.1848 0.9443 1.0199 1.0194 0.8946 1.0078 0.8841 1.0199 

1.7400 0.1515 0.1593 0.9510 1.0456 1.0449 0.8263 0.8224 

2.8700 0.1034 0.1056 0.9792 1.1475 1.1327 0.9539 0.9775 

3.6800 0.0704 0.0728 0.9664 1.0246 1.0209 0.9898 1.0017 

4.720o 	' 0.0451 0.0421 1.0713 0.9560 0.9727 0.8767 0.9829 

6.0700 0.0231 0.0236 0.9788 0.8517 0.9162 0.8937 0.9154 

(7.0000) 
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According to these considerations, the statistical error 

(one standard deviation) for each group of the distribution to be 

analysed (AD) can be computed by: 

(6,Di)2  = (A,F1)2  (ABi)2  

where 46F. and ABi  are the errors for the foreground and background 

counts respectively, at channel i. In the case of the Triton 

distribution where the distribution to be analysed is derived from 

the measured distribution by subtraction not only of the Silicon 

background counts but of theilligh energy background: it will be: 

(AD. t12 	(4F.t)2 	(A0)2 + tA 
H1t)2 ,„ 	, 	, , 

According to these relations it was found that for the Sum distribution 

the statistical errors can be reduced below 1.0% for neutron energies 

up to 2.0 MeV, by using thick LIP layers (120 pgm/cm2)treactor power 

60 KW and irradiation time of three hours, which for NISUS represents 

an integrated fast neutron dose of 6.5*1011  neutrons/cm2. To estimate 

the enhancement of the statistical errors, introduced by unfolding, 

the binomial distribution of the counts was approximated by a normal 

distributionwithmeanvalueD.(T) and standard deviation equal to 

A D.. The distribution to be analysed was selected at random according 

to this probability density function, and the derived spectrum was 

compared to that obtained with the original distribution. As shown 

in Table (4.7.6), the iterative unfolding introduces a two to three-

fold increase in the statistical error contribution, over the region 

it is used. 
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Table 4.7.6  

Errors for the neutron spectrum from the  

Sum technique  

The cross section error was obtained from Ref. (75) and (79), and was 

applied directly to the deri:ed spectrum. This constitutes by far the 

larger source of uncertainty for the experiment. 

For the triton distribution, resolution problems do not allow to 

exceed 60 KW and it is best to employ 30 KW to avoid high gamma-ray 

doses. For a measurement in NISUS with a spectrometer having a 120 

pgq/cm2  LiF layer at 60 KW as before to be followed by one at 30 KW, 

the second should not exceed three hours so that the total fast neutron 

As the cross-section error is mainly systematic ,this.would virtually 
be the systerria.tic error of the experiMent. 
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dose remains below 10
12 n/cm2, to avoid breakdown of the diodes. 

In that case the statistical error for the 25 groups to be analysed, 

varies from below 1% for the 14 first groups (2.73 to 3.29 MeV) 

to 5% for the next 8 groups (3.29 to 3.61 MeV), rising to 10% for 

the remaining 3 groups. Iterative unfolding enhances these errors, 

but to a lesser degree than before because it is stopped between 5 

and 7 iterations, and because the response matrix is not diagonal. 

The cross-section is better known over the neutron energy range 

considered here, within + 2 to + Wo, but the effect of the angular 

cross section uncertainties is difficult to estimate since different 

evaluations of the Legendre polynomial parameters can produce a change 

in the spectrum shape (Fig. 4.7.3). For that reason, no error 

estimate is given for the results obtained by the triton technique. 
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Chapter 5  

The Difference Technique  

Introduction  

The simultaneous detection of the Li-6(n,a)t reaction product:: 

by the sandwhich of the two diodes enables the measurement of the 

following distributions, from the analysis of which the generating 

neutron spectrum over different energy ranges can be derived: 

(a) The distribution of the energies of the alpha products 

(b) The distribution of the energies of the triton products 

(c) The distribution of the sum of the reaction products 

energy 

(d) The distribution of the difference between the reaction 

products energy. 

When semiconductor diodes are the charged particle detectors, 

energy measurements should be preferred from angle measurements so 

that full advantage is taken of the good energy resolution and linearity 

between the energy of the impinging radiation and the amplitude of the 

resulting pulse, exhibited by these diodes. 

Since the sum distribution is the only one directly related to 

the generating neutron spectrum this was the first one to be used for 

spectrum measurements, followed by the Triton distribution which can 

be straightforwardly measured with no need for additional electronics. 

Marconi et al, Ref. (84), have proposed the use of the distribution 

of the maximum difference between the energies of the reaction 

products to measure the neutron spectrum in a beam geometry over the 

range 1-100 KeV, where the technique woulU offer higher resolution 
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compared to the sum energy technique. In this chapter the use of 

the Difference distribution to measure isotropic fast neutron fluxes 

will be discussed, and its application for measurements of the NISUS 

spectrum will be described. First the relation between the energy 

parameters previously mentioned and the neutron energy resolution 

is examined. 

5.1 Dependence of Neutron  Energy Resolution upon the Measured 

Parameter 

The energy resolution of the neutron spectrum derived from the 

analysis of the measured distribution of one of the energy parameters 

previously mentioned, depends upon the energy resolution of the 

measured parameter through relations derived by the reaction Kinematics. 

If dEn denotes the variation of neutron energy imposed by a 

differential variation dy in the value of the measured parameter, 

which represents the uncertainty associated with this measurement, 

then dEn represents the corresponding' uncertainty for the neutron 

energy which should be kept as small as possible. In addition if 

dy represents the resolution with which y can be measured then one 

also wants to keep dEn  small so that a fine mesh is obtained for the 

neutron energies corresponding to the experimental parameter spacing. 

From the kinematics of the Li-6(n,a)t reaction, as analysed in 

Appendix A, it is found for the energy of the Triton product and the 

sum of the product energies: 

E
t 
= 2.7295 + 0.5497*E + 0.3754 (0.85644  nn  + 4.7863)*En*cosel/ 	(5.1.1) n 

S = E
a 
+ E

t 
= E

n 
+ 



dE 
dEa 	- dEt 
dE 

= 1 - (5.1.6)(a) 
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while the other parameters can be computed by: 

Ea = En 	- Et 

D = E
t 
- E

a 
= 2E

t 
E
n 
 -Q 

The sum energy is a function of the sole variable En  and the 

same would apply to the other parameters if costa' is treated as a 

parameter with a fixed value in the range -1 to 1. In that way 

dEn  and dy will be related through a relation of the form: 

-1 

dE  = (121:—) 
ay 5.1.5) 

and the parameter exhibiting the higher value for k
dE j would offer 

better resolution for the neutron energy as previously was explained. 

For the sum parameter equation 4.1.5 would give dEn  = dS which 

indicateS that the neutron energy resolution is independent from the 

energy range considered. For the alpha energy and the difference 

between the energies of the reaction products, their derivatives can 

be calculated from equations (5.1.3) and (5.1.4) respectively, as 

functions of the triton energy derivative: 

dE
t dD 2 	- 1 71E = dEn n 

The derivative of the triton energy versus neutron energy calculated 

from equation (5.1.1) is: 

(5.1.6)(b) 
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dE
t 	

(1.7128*En

2 

 + 4.7863) cos9' 
= 0.5497 + 0.1875 * 	 T- uni 	

(0.8564*En +4.7863 * Erl) 
(5.1.7) 

and its variation for different angles in the c-m system, with 

neutron energy as a parameter, is shown in fig. (5.1.1). 

From this figure it can be seen that at neutron energies higher 

than 1.5 MeV, according to equation (4.1.5) higher resolution would 

be achieved for the neutron energy if the sum parameter is used, 
dE dS 	/ since 	(=1) is higher than var). 

The analysis of the triton distribution, (section 4.4), is made 

in terms of a sequence of neutron energy points selected so that, 

the maximum possible triton energy (e' = 0°) from each of them 

corresponds to the upper boundary of a distribution group. This 

structure of the neutron energy sequence combined with the fact that 

for neutron energies lower than 1.5 MeV the triton derivative versus 

neutron energy, at 9' = 0o, is higher than dS , results in a finer 

resh for the neutron energies from the "triton" technique than from 

the "sum", for distribution groups of the same energy width. 

If dE 1, and dEnls  respectively denote the uncertainties imposed n
t 

on the neutron energy through an uncertainty dEt  of the measured triton 

energy and an equal in magpitude uncertainty dS of the measured. Sum 

energy, it can be seen from fig. (5.1.1) and equation (5.1.5), that: 

(a) 
dEnIE for E constant increases as the angle A increases 

t 
 

from 0°  to 180°, and 

(b) For E
n lower than 1.5 MeV dE I, becomes higher than dE I, for 

t h 

values of 01  higher than a certain critical value EP
crit

(En) 

which increases as the neutron energy decreases. 
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In practise dS is always higher than dEt  because of the higher 

energy losses of the alpha particle in the dead layers, and the 

triton energy being the measured parameter always results in smaller 

uncertainties upon En  for neutron energies lower than 600 KeV. 

If the difference between the two reaction product energies is 

the measured parameter, it is found from equation (5.1.6)(b) that: 

dD 	dE > 	= 1 dEn  — dEn 
(5.1.8) 

when either 

dEt dE-- > 1 	 (a) 

(5.1.9) 

dE < 
0 	 (b) 

If the neutron energy sequence used for the analysis of the measured 

"Difference" distribution is formed in the same way as for the analysis 

of the "Triton" distribution, the combination of equations (5.1.8) and 

(5.1.9)(a) results in a finer mesh for the neutron energies for En  

higher than 1.5 MeV, as in the case of the "triton" energy parameter. 

Thus the "Difference" technique would be more useful than the 

"Sum" technique at low neutron energies, as was also the case for the 

"Triton" distribution, and since the relation 

d(Et)max 
dE n 

or 
dE n 

leads to: 
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dD 	d(E 	d(Edmax  
n ' 
max = 	- 1 > 

dE 	 dEn n 

a finer neutron energy mesh would be obtained from the analysis of 

the "Difference" distribution than from that of the "Triton" dis-

tribution, if distribution groups of the same width are used in both 

cases. 

Considering the uncertainties imposed on the neutron energy for 

equal uncertainties dD and dEt, it is found from inequality (5.1.11) 

)2 
	-1I > dEt dEn  

and equation (5.1.5), that it is: 

< dE n 
dD 	dEt 

if either 	> 1 or 
udEt 

j'j 
	dEt 
	

3 n 	n  

dEn 

(5.1.10) 

(5.1.11) 

(5.1.12) 

From fig. (5.1.1) it can be seen that inequalities (5.1.12) for neutron 

energies lower than 600 KeV are satisfied for the majority of the G 

values in the range 0 to 180°, except for a range around 90°  which 

decreases in width as the neutron energy decreases. 

Thus, according to the reaction kinematics the analysis of the 

"Difference" distribution is capable to give, in the neutron energy 

range below a few hundred KeV, a more detailed knowledge of the 

neutron spectrum than the "Triton" and "Sum" techniques, while the 

uncertainties in the Difference energy measurement would result in 
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smaller uncertainties for the neuron energy compared to those 

introduced by an uncertainty for the triton energy measurement equal 

to dn. Nevertheless in practise the need to measure the alpha energy 

in order to form the difference between the reaction product energies, 

combined with the lower value of the maximum difference energy compared 

to the maximum triton energy for the same neutron energy, result in: 

dD 	dEt  

max 	(Et(En)  max 

which limits the use of the difference technique to lower neutron 

energies (between 150 and 200 KeV). 

To complete this discussion the alpha energy is considered. The 

maximum alpha energy for a given neutron energy, would be: 

(Ea)max = En ¢ 	 (" a))  min n E  min 

leading to: 
d(Ea)max d(Edmin  

dE 	dE n 	n 
(5.1.13) 

From the reaction kinematics it is found that: 

(Et)max  + (Et)min = 20(2.7295 + 0.54974En) 

giving d(Et)max 
 d(E

t)min 
 dE  - 1.0994 dEn 

 

which combined with equation (5.1.13), results in: 

d(Et)max 	d(Et)min 	d(Ea)max 
 

1.0994 	> dEn 	dEn 	dEn 
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Thus the alpha distribution cannot provide us with a more 

detailed knowledge of the neutron spectrum than the triton distribution, 

and the uncertainty it would impose on the neutron energy mould be 
dE dEt  

higher, since 1717a - 1 = 1 1  - 71E— 
 I becomes higher than 	di' 

2 dE only for values of . t smaller than 0.5 which as fig. (5.1.1) shows 
n  

do not constitute the majority for any neutron energy. In addition to 

that the uncertainties in the measurement of the alpha energy are much 

higher than those of the triton energy. For these reasons no attempt 

is made to analyse the alpha distribution. 

5.2 The Variation of the Difference Between the Reaction  

Products Energies, with Neutron Energy  

If D(EnIGI) denotes the difference between the energies of the 

triton and alpha products of the Li-6(n,a)t reaction for a neutron 

energy 	and and Al is the anticlockwise drawn angle from the centre of 

mass velocity vector to the velocity of the triton product in the 

centre of mass reference system, it is: 

D(En14) = Et(En,91) - Ea(En,45 

which combined with: 

Ea(En'eg)  = En 	Et(En'et)  

gives: 

D(En,(0) = 2Et(En1E0) - En  - Q 

Substituting in equation (5.2.2) Et(En,191) and Q as calculated in 

Appendix A, it is found for D(E1,91): 
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D (En  , • ) = 0.6728 + 0.0994. En+0.7504 O. 8564. En+ 7863)En. cos() ' 
(MeV) 	(5.2.3) 

From equation (5.2.3) for thermal neutrons, En = 0, a single 

value of 0.6728 MeV is obtained for D(En,8'), which can be used for 

the energy calibration of the multi-channel analyser employed for 

the measurement of the Difference energy distribution. As the 

neutron energy increases the difference energy has no longer a 

unique value but a range of possible valuespfor cos 91  varying 

from -1 to 1. 

The boundary energies according to equation (5.2.3) are given 

by: 

max(n) = 0.6728 + 0.0994.En + 0.75011 (0.8564.En+4.7863)En  (a)  

(5.2.4) 

Dmin(En) = 0.6728 + 0.0994.En  - 0.7504 (0.85640En  + 4.7863).En  (b)  

According to equation (5.2.4)(a) above, Dmax(E)  is a continuous, 

increasing, and positive function of En. Differentiating equation 

(5.2.4)(b) with respect to En  it is found that the derivative of 

Dan(%) is always negative, approaching -co as En approaches zero, 

also it never becomes zero for En in the real numbers domain. Hence 

Dm in  (En) is a continuous and decreasing function of En. It becomes 

zero when En is equal to 0.1656 MeV, obtaining negative values for 

higher neutron energies. The variation of Dmax  and min  with neutron 

energy is shown in fig. (5.2.1), while fig. (5.2.2) shows the variation 

of the difference energy versus angle 0' with the neutron energy as a 

parameter. 
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As D (En 
 ) can take negative as well as positive values it 

min  

is useful to note that for a given neutron energy it is always: 

ID . (E )1 < max(  n)min n 

Also from equation (5.2.4)(b) it can be found that 

I
Dmin n (E )1 > D(En=0) = 0.6728 MeV 

if 

En > 0.6871 MeV 

The conclusions from this analysis are that, the difference 

between the reaction product energies is a smoothly varying function 

of the neutron energy which according to the reaction kinematics 

can take positive and negative values determined by the reaction 

kinematics. For a given neutron energy it varies within certain 

boundaries, its value depending upon the angle of emission of the 

reaction products in the centre of mass reference system. 

• 

5.3 Formulation of the Response Matrix 

If the difference D(En,G) as expressed by equation (5.2.1) was 

always positive and the distribution of the parameterlE1 =1E1  - E21 ' 
which is the difference between the energies of the particles detected 

in diodes 1 and 2, was measured, then this distribution would 

correspond to the distribution of D(En,9') from the Li-6(n,a)t 

reactions induced by the neutron spectrum to be measured. 
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Now that the difference D(E,O*) can take positive and negative 

values, if the distribution of the parameter E = E1  - E2  is measured, 

by use of suitable electronics, and not that of 1E1 , it is not 

possible to relate E to D(En,91) unless additional means, such as 

E
P 
 .dE

P 
 /dx discrimination, are provided to distinguish which particle 

is detected in each diode (e.g. to decide whether E1  = Et  or Ea). 

Hence the distribution of E cannot be related to the neutron 

spectrum, and the distribution of 1 El has to be measured, which 

corresponds to ID(En,01 )!. 

According to equations (5.2.1) and (5.2.2) and equation ( 15 ) 

of Appendix A, it is: 

D(E081) = g1(E1) + q2(En) . cove' 

with 
	
(11(En) 	= 2f1(%) - En - 4.7863 

and 	q2(n) 	= 2f2 (En 

The contribution to the counts at 1 El per unit neutron flux 

at energy En, would be: 

CD  (1E1) = PD  (1E1 = D(E ,9'1)) + PD  (- 1E1 = D(En2 ,91)) n  .n 	 n 	 n 

with 9' and 9'2  determined from equation (5.3.1) for D(EnJP) equal to  

IE [and -1E1 respectively. Naturally if E is outside the 

boundaries Dmin(En), Dmax(En)1 or higher than Dmax(En) only, for En 

greater than 0.1656 146V, it is c: (1E1),_ 0. Also for the second 

component in the right hand side of equation (5.3.0' to be other than 

(5.3.4) 
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zero, it must be En  greater than 0.1656 MeV and 1Drain(Ed1 

higher than 1E1. 

In equation (5.3.4), PE (+1E1) describes the probability per 

unit neutron flux at energy En  that the difference between the 

reaction product energies is +IElrespectively, for coincident 

detection of the reaction by the two diodes. Similar to the case 

of the triton counts (Section 4.4),  it is found that: 

4 WEI) dE = a (En) . e(En) . 	(cos01(±1EI, En))dcos01 	(5.3.5) 

with cos491  equal to cose'l  or cos012  depending on the sign of E , 

and PPE 	! , n  (cose E ) given by: 

2n a01(En'cosliP.) PP  (cose!, En) - E'32  
6 ( nE)  

Combining equations (5.3.1), (5.3.5) and (5.3.6) it is found, that: 

PP  
(tIEI) 	27r.° n

,cos°•i) 

cf (En)"1-2(%) 

Using P(±1 EI) from equation (5.3.7) in equation (5.3.4) the 

response of the spectrometer operating in the "Difference" mode in an 

isotropic monoenergetic neutron field can be found, and its shape for 

different neutron energies is shown in fig. (5.3.1), for different 

evaluations of the angular distribution of the reaction products in 

the centre of mass system. 

(5.3.6) 

(5.3.7) 
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For neutron energies higher than 0.1656 MeV, the response 

exhibits a discontinuity because Dmin  becomes negative and the 

contribution to CE D  (I 11  E,, of the second factor in equation (5.3.4) 

has to be taken into consideration. This contribution becomes zero 

for I E I greater than 1Dmin(En) I as mentioned before and the dis-

continuity occurs at IDmin(En)I . If the counts distribution above 

0.6728 MeV is considered, this discontinuity does not affect the 

formulation of the response matrix if the maximum neutron energy 

considered is equal or smaller than 0.6871 MeV, for which min  equals 

-0.6728 MeV. Moreover the shape of the response function above 

0.6728 MeV for neutrons in the range 0 to 0.6871 is forward peaked, 

which ensures that the diagonal elements of the response matrix, 

formulated as will be described below, are preponderant. 

Since the maximum difference between the reaction products for a 

given neutron energy increases with neutron energy and 1Drain(Erdi 

is smaller than Dmax(En), it is possible to formulate the response 

matrix in the same way as the one for the "triton" distribution. The 

neutron group structure, is defined by the relation: 

E. = Dmax (2j+1),  j = 1,N 

whereEj+1  is the upper limit of the j-th distribution group to be 

analysed. This neutron sequence gives an upper triangular response 

matrix. The elements of this matrix are formed by numerical 

integration of the relation (5.3.9) over the distribution and neutron 

energy groups: 

(5.3.8) 
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E. 	21+1 	
E. 

"leD(E $ El)  
D i'D(E)dE = i(En) o(En) f(En)dEn  d E 	(5.3,9) 

E. 	i=j Ein 	.)( a(En) • E(En) 

where CD(En, E ) is calculated from equations (5.3.4) and (5.3.7) 

giving: 

N 
D. = > R.. a.2.  e. I. . 	. a.r.3 

(5.3.10) 

5.4 Electronics for the Difference Measurement 

To implement the measurement of the distribution of difference 

between the reaction product energies for irradiation of the 

spectrometer in a fast reactor spectrum, the fast coincidence circuit 

of Chapter 3 can be employed, with the addition of an analogue 

subtraction unit and a multichannel analyser. 

Nevertheless the subtraction of two signals which are detected 

within a finite coincidence time, and the subsequent use of the 

difference pulse amplitude for pulse height analysis poses several 

problems, which do not exist when the sum of the two signals is 

required. 

The output pulses from the two linear gate and integrators are 

of the same polarity (negative in this case), flat-topped and having 

a duration of 1 pts. The maximum coincidence resolving time considered 

here is 100 ns and there is no fixed time precedence of one side over 

the other. Under these conditions the three cases shown in fig. (5.4.1) 

(a) may arise for the difference pulse, if it is assumed that the 
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amplitude of the pulse from side 1 is always greater than that from 

side 2. Considering that this latter assumption is not always true, 

in practice,,the situation becomes further complicated, since the 

difference (V1 - V2
) will take positive and negative values. Since  

the classification of a pulse in a certain channel of the multichannel 

Analyser, is based on the maximum amplitude of the pulse, this 

classification will not be correct for the cases shown in fig. (5.4.1) 

(a2) and (a3). Even for case (al) the pulse can be rejected by the 

Analyser which accepts only pulses of the same polarity while as 

mentioned before the difference pulse can be positive or negative. 

To overcome these problems the difference pulse should be gated 

for an appropriate length around its middle time point, to ensure 

that its maximum amplitude is V1  - V2  and also it must be always 

of the same polarity irrespective of the relative position of V1,V2. 

Thus it.will always be: 

VD  = IV1  - V21 ex I Et  - Eal 

irrespective of which diode detects the triton and which the alpha, 

and the relative position of Et and S. 

To meet these requirements, the circuit shown in block diagram 

in fig. (5.4.2) was developed, which operates with the following 

logic. 

The analogue inputs from the two linear gate and integrators 

are fed to identical unity gain amplifiers (Al, A2), whose respective 

outputs feed the two identical discriminators (Dl, D2). Since the 

linear gate and integrators employed, (Ref. 85), produce an output 

pulse of -20 mV amplitude whenever triggered in the absence of an 
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analogue input, discriminators Dl.  and D2 do not provide a trigger 

for the "And" gate Gl, unless both inputs exceed -40 mV. If gate G1 

is not activated no pulse processing will be initiated. 

The analogue inputs are also fed to the unity gain Difference 

amplifier, whose output (171  - Va) may be of either polarity depending 

on the relative position of V1  and V. This output is fed to 

discriminator D3 and to unity gain Amplifier A3. Discriminator D3 

which has a 40 mV window operates symmetrically about earth, changing 

state at + 20 mV and - 20 mV respectively as these levels are 

approached from earth. Thus the state of the discriminator output 

can be used to indicate the polarity of the output of the difference 

Amplifier. The output from this discriminator feeds the input of the 

J-K flip-flop binary element, (FF1), which accepts as clock input the 

pulse from gate Gl, after inversion and delay by 100 ns to allow for 

a settling time. When this clock input is present the state of the 

discriminator output is transferred to the input of the polarity 

switch (PS), irrespective of its previous state. The input state 

of the polarity switch determines the level of its output which in 

turn determines, in a preset way through a pair of "long tailed" 

transistors, whether amplifier A3 will operate as an inverting or 

non-inverting unit. This ensures that the output of this Amplifier 

is always a pulse with a fixed polarity. The sign of the output 

pulses from this amplifier can be selected through a link, 

incorporated in the polarity switch. 

The output of amplifier A3 is not yet suitable for analysis 

because of the time difference that is likely to exist between the 

two inputs il and V2. As specified, each input is 1 As wide and 
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either may precede the other by up to 100 ns. Therefore the lequire-

ment is imposed, to select a gated portion of the difference pulse 

of duration 600 ns and starting 200 ns after the receipt of the 

earlier of the two inputs. 

Gate G1 when triggered by both discriminators, D1 and D2, 

produces a logic pulse of 1 As wide, Fig. (5.4.1)(b1), which is 

delayed by 100 ns in DEl and an additional 100 ns in DE2, the output 

from DE2 being 800 ns wide. The output from DE2 combined with the 

output from DE3, which is 200 ns wide and its leading edge is 

delayed a further 600 ns after leaving DE2, are fed in Gate G2, 

which thus produces an output pulse 600 ns wide, its leading edge 

being delayed by 200 to 300 ns with respect to the earlier of the 

two inputs from the linear gate and integrators. The sequence of 

waveforms is shown in fig. (5.4.1)(b). The output from G2 forms the 

gating waveform which is applied to a second "long-tailed" transistor 

pair, controlling the linear gate. When the gating waveform is 

present, the linear gate conducts. In that way only 600 ns of the 

amplifier A3 output signal proceed to the multi-channel Analyser, 

having a constant amplitude equal to I V1  - V2I , fig. (5.4.1)(b5). 

In addition to the gated difference pulse, the unit provides 

two replicas of the input pulses from the two linear gates and 

integrators, which are used to determine the "triton" and "Sum" 

distributions as before. 

If an analyser with parallel input binary code addressing 

arrangement is available, the unit can provide two output polarity 

indicators which can feed negative (V1  - V2) pulses to one half of 

the analyser and positive (V1  - 112) pulses to the other half. This 
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facility is driven by the flip-flop element, according to the state 

cf discrimination D3, which indicates the polarity of (V1  - V2). 

The unit accepts pulses with amplitudes in the range 0 to 5V, 

which makes it compatible with the Linear gate and integrator units 

employed in these experiments (95/2144-2/6), which produce output 

pulses with maximum amplitude 4.5 Volts. 

5.5 Measurements of the NISUS lb neutron spectrum by the 

difference technique  

This unit was employed in measurements of the Neutron spectrum 

in NISUS lb, with its output connected to a 1024 channel, ECON 

Analyser. The spectrometers employed were of the same type as those 

discussed in chapter 3. 

In order to evaluate the resolution of the difference peak,-the 

Monte-Carlo calculation, employed for the energy calibration testing, 

section (4.6), was extended to give the energy distribution of 

I
Et - Ea

I for thermal neutrons. The results from this calculation 

are plotted in fig. (5.5.1). The distribution developes a high 

energy tail, because the energy losses of the alpha in the dead layers 

are higher than those of the triton. For thermal neutrons, this 

results in: 

1E1 = I Et  - Ea l=12.7295 	AEt  - 2.0567 + Kt6Et 
 I 
 = 

= 10.6728 + (K - 1)AEt1 

which shows that the measured difference between the reaction product 

energies, is higher than that predicted by the reaction Kinematics 

(0.6728 MeV). In practise the presence of electronic noise and 

(5.5.1) 
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statistical fluctuations in the rate of energy loss, produce more 

symmetric peaks. 

The energy calibration of the difference distribution was made 

according to the technique described in section (4.6). The calibra-

tion energy for the thermal neutron peak, was calculated by: 

Eth = 0.6728 qAE
t
2 + AE

a
2 (5.5.2) 

giving for the 40 Agm/cm2  spectrometer, 0.7553 MeV and for the 

120 AgmAm2  one, 0.8168 MeV. The back-bias was determined using 

test pulses which were fed on both sides, but the replica outputs 

from the subtraction unit were employed, since no difference pulse 

with amplitude lower than + 20 mV can be produced from the unit (for 

test pulses of equal magnitude it will be V1  - V2  = 0). 

In order to obtain a more fine resolution for the measured 

distribution, channel widths of 8 KeV approximately were employed. 

The peak channel was around channel 100, and approximately 300 channels 

are required to register the difference energies in the range 0.6728 

MeV to 3.10 MeV, which is the maximum possible difference between the 

energies of the reaction products for a 1.5 MeV neutron. The shape 

of the distribution lEi - E21(foreground and background counts) and 

the background distribution, measured with a dummy spectrometer, are 

shown in fig. (5.5.2) for irradiation in NISUS lb. Considering that 

the distribution in the range 0.6728 to 2.073 MeV is required in 

order to derive the neutron spectrum up to 600 KeV, the background 

does not constitute a serious source of error as it is smaller than 

15 to 20% of the total counts in individual channels, and the back-

ground subtraction method used for the triton and Sum distributions 



— 196 — 

1.--  COL'iltZ 
•••••. ••.• •.... 

104  .711. 

■ •• 

1■11. • • 0.. 

• • 

103  

* • • . 
• •••• 
• •.• 

•• 

• 

10 

• 
• 

• 
•• 

•• 	• 	• 	• 	• • 	 • • 	• 
• • 	••••••

▪ 

• 	•e*  • • 
• go • 	••

• 	

•••• • 	41. 	•• 
• • • 

• • 	• • 
. 

•  
11 
. 	• 0. . 

. 0  . ▪ • .. 'I%  • 
• • 	• 

• .. ..•• • •—• 	 . 
.-- 	 . 	... 

. '.• 	.• .I. ..■ 	 .. • • . • 	• . 
• . 	• 	. 	• 0. •

.  

• 

▪ 

• 
• 

• • • • • 
• 

• • S.  • 

(E-0.6728) M EV 

101  
0 0.5 

	
1.0 	 1.5 

Fig .5.5.2 Absolute difference counts distribution for energies higher than0.6728 MeV 
and background counts distribution 



- 197 - 

can be employed here as well. Since a "difference" count is 

produced for each reaction resulting in the coincidence detection 

of the two charged particles, the statistical error in the measured 

distribution is smaller by a factor of 1.1 to 1.2 compared to that 

of the "triton" distribution. 

The iterative unfolding technique employed for the "triton" 

and "Sum" distributions, was also used here. A subroutine called 

DIFRES, written according to section (5.3) was used to compute the 

elements of the theoretical response matrix. The distribution to 

be analysed covered the range 0.6728 to 2.0730 MeV, corresponding 

to a neutron energy range from thermal to 600 KeV. The energy width 

of the distribution groups to be analysed was varied from 20 to 50 

KeV. Because of the resolution of the difference energy measurement 

energy widths between 40 and 50 KeV gave the most satisfactory 

results when spectrometers with 40 mgm/cm2  thick LiF layers were 

employed. For thicker LiF layers the width of the groups had to 

be increased further, to avoid oscillations arising from an increased 

number of iterations for convergence. 

The resolution function was a Gaussian with the same full width 

at half-maximum as the difference peak for thermal neutrons. 

Because the subtraction unit did not produce a pulse when the outputs 

of the linear gate and integrators differ by an amount less than 

20 mV, it was not possible to measure the effect of the gamma-dose, 

inside NISUS at different reactor powers, upon the difference peak. 

At the same time this minimum difference requirement ensures that 

pulses of approximately equal magnitude produced in both diodes, as 

a result of electronic noise and/or gamma rays, do not affect the 
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measured distribution. For this reason the FWHM of the Gaussian 

resolution was not changed for different reactor powers. 

According to the reaction Kinematics, the absolute difference 

of the reaction product energies can take values in the range 

considered for analysis (0.6728 to 2.0730 MeV) even if the neutron 

energy exceeds 600 KeV which is the maximum neutron energy considered 

in the formulation of the response matrix. This fact gives rise to 

a "high energy background" similar to that of. the "triton" 

distribution. If only the contribution from the neutron spectrum 

between 600 KeV and 2.5 MeV is considered, for the reasons explained 

in section (4.7), then the shape of this "high energy background" 

calculated according to equations (5.3.4) and (5.3.7) and the 

theoretical neutron spectrum, is that of fig. (5.5.3) for distribution 

groups which are 40 KeV wide and cover the range 0.6728 to 2.27 MeV. 

Over the range 0.6728 to 2.07 MeV there is a drop of 43% in the 

"high energy background" if the reaction is assumed to be isotropic 

in the centre of mass system. This drop is reduced to 26% if the 

reaction anisotropy is considered. The finite energy resolution 

of the measurement further flattens this background within 15+18%. 

If a flat background contribution is assumed for all distribution 

groups to be analysed, equal to the number of counts measured at 

an energy 1.5 MeV, the error arising from underestimating this 

"high energy background" at 0.6728 MeV is comparable to the 

statistical uncertainty of the measurement. 

The results obtained from the difference technique, using a 

35 x 35 matrix, corresponding to 40 KeV wide distribution groups, 

exhibit a strong dip around the 247 KeV resonance. This dip is 
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attributed to the worsened resolution of the Difference energy 

measurement compared to that of the triton energy, and the Triton 

technique should be preferred at energies higher than 200 KeV. 

Using the 120 pgm/cm2  La layer, this effect was more marked, 

extending down to 150 KeV. 

In Table (5.5.1) are given the results obtained from the 

"difference" technique between 2 KeV and 200 KeV. Comparing these 

results with those derived from the "triton" technique and ANISN, 

fig. (5.5.4) it is observed that the higher neutron energy resolution 

of the "difference" technique results in better agreement between 

experiment and theory than the "triton" one. For neutron energies 

below 10 KeV the experimental results are higher than theory, because 

of the resolution of the measurement. 

Combining the experimental results obtained from the "difference" 

technique up to 200 KeV, with those of the "triton" (200-400 KeV) 

and the "Sum" techniques from experiment 3, normalised through the 

counting rates of each measurement, the NISUS lb energy spectrum 

between 15 KeV and 7.0 MeV can be.obtained. The derived spectrum 

values collapsed in the theoretical energy groups are given in 

Table 5.5.2 (221 = i) and are compared to proton recoil and ANISN 
i 1  

results as well as to the results derived if the "triton" technique 

is employed down to 20 KeV. 

The results using the different Li-6 spectrometry techniques are 

consistent, within the experimental errors. Comparing results, 

comprising the "difference" technique measurements, to proton recoil 

results, a better agreement is observed (apart from an isolated group), 
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Table 5.5.1 

Neutron spectrum in NISUS configuration lb  

measured by the difference technique  

Flux per unit lethargy 
Neutron Energy 

(MeV) 30 KW 60 KW 

0.2362E-2 0.2355 0.2079 

0.5295E-2 0.2763 0.2499 

0.9379E-2 0.3352 0.4088 

0.1460E-1 0.5914 0.5948 

0.2094E-1 0.5827 0.5382 

0.2838E-1 0.7391 0.8173 

0.3691E-1 0.8362 0.9379 

0.4650E-1 1.1931 1.1987 

0.5714E-1 1.3369 1.2498 

0.6881E-1 1.7268 1.6983 

0.8149E-1 1.9972 2.0323 

0.9515E-1 . 	2.3850 2.2707 

0.1098E+0 2.11075 2.3595 

0.1253E+0 2.5466 2.6242 

0.1418E+0 2.9006 2.8572 

0.5922E+0 2.8766 2.7491 

0.1775E+0 2.9089 2.9490 

0.1966E+0 3.0258 3.1608 
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Table 5.5.2  

NISUS lb neutron spectrwnlipasured by the Differencel. 

Triton and Sum techniques collapsed in the theoretical energy groups  

Lower group 
boundary 
(MeV) 

Flux per 
Unit Lethargy 

0 0 ANISN 
0 3-30 PRC 

0.0150 0.0461 - 0.7859 

0.0248 0.0599 0.8375 1.0935 1.0338 

0.0409 0.0982 1.0036 1.0526 1.0471 

0.0674 0.1437 0.9813 1.0671 1.0294 

0.0865 0.1780 1.0416 1.1785 0.9240 

0.1110 0.1981 1.0677 1.0522 0.9692 

0.1430 0.2278 1.0022 0.9799 0.9965 

0.2350 0.2684 0.9674 0.9285 1.0991 

0.3880 0.3197 0.9674 1.03592 1.0456 

0.6390 0.3036 0.9672 1.0000 1.0000 

0.8210 0.2517 0.9673 1.0148 0.9476 

1.1500 0.1688 0.9672 1.0o8o 0.8945 

1.7400 0.1466 0.9674 0.8259 

2.8700 0.0999 0.9670 0.9550 

3.6800 0.0681 0.9676 0.9896 

4.7200 0.0436 0.9664 0.8771 

6.0700 0.0224 0.9682 0.8913 

(7.0000) 
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than before (Table 4.7). The disagreement around 100 KeV could 

be attributed to the inability of the difference technique to 

resolve the Aluminium resonances around this energy (86.6 to 91.5 KeV 

and at 119.5 KeV) and to effects of the stainless steel counter body 

which are resolved to some extent by the proton recoil counter. 
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Chapter 6  

The Design and Performance of a Demountable Li-6 Sandwich Spectrometer 

Introduction 

In-core neutron spectrometry in the range 10 KeV to 8 MeV can 

be effectively carried out using compact Li-6 sandwich spectrometers, 

as was shown in chapters 2 to 5 of this work. Nevertheless a draw-

back for the extensive application of the technique arises from the 

deterioration in the performance of the semi-conductor diodes and 

their eventual breakdown, under irradiation by Fast neutrons. 

Considering the low counting efficiency of these spectrometers 

and the great difficulties encountered in fabricating an acceptable 

surface barrier diode, the short experimental life of the diodes, 

becomes a severe problem when repeated measurements are to be made 

to investigate reproducibility or the effect of various parameters 

upon the derived spectrum. 

6.1 Re uirements from a Demountable Li-6 Sandwich S ectrometer 

Each spectrometer contains a sandwich of two diodes encapsulated 

under vacuum inside a metal envelope. In the event of one diode 

failing, the spectrometer becomes useless and has to be replaced. 

Thus,it would be very useful if the non destroyed diode could be 

recovered or in the event of both diodes failing, to recover the 

encapsulating can which is expensive to fabricate. 

This could be achieved by the design of a demountable spectro-

meter allowing the removal of the diode sandwich and the replacement 

of the faulty diode in the sandwich. The design should allow for 
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independent electrical connections for each of the diodes and 

demountable from the diodes as easily as possible. Also the diodes 

should be removable from the can for replacement, while on the 

other hand they should be firmly held in position when the spectro-

meter is in use. 

To enable the in-core use of the spectrometer without the need 

of a continuous connection to a vacuum system, the spectrometer Should 

be able to retain a vacuum in the order of 102 to 10
-1 mm Hg for a 

period of three days without re-evacuation. 

The dimensions of the spectrometer should be kept as small as 

possible to permit in-core measurements to be carried out and the 

materials used for its construction should introduce minimum 

perturbation in the neutron flux to be measured and retain their 

properties ender Fast neutron irradiation. 

Prior to the design of the metal can, it was essential to decide 

upon the way the neutron sensitive LiF layer should be introduced in 

the spectrometer. The use of a thin supporting foil, like VYNS 

(polyvinyl chlorideacetate copolytier) Ref. (86), has the practical 

advantage of eliminating the need of a separate background spectrometer, 

since the background distribution could be measured using the same 

diode sandwich with a bore vyns foil. In addition, all the diodes 

which are manufactured from identical silicon crystals, would be 

completely interchangeable and the rate of diode failure during 

fabrication should be reduced since the stage of LiF evaporation 

on the diode is no longer required. Against these advantages one 

should consider the requirement for a support to be introduced between 

the narrow gap (1 mm) of the diodes, for the backing foil and the 
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finite possibility of damaging the diode surface while inserting 

or removing the foil. 

The most serious problem arising from the use of a backing 

foil lies in the deterioration of the operational properties of the 

spectrometer through the addition of energy losses for the charged 

particles while traversing the backing material. Considering the 

use of Vyns, it is found that the rate of energy loss for 2.0568 MeV 

alphas and 2.7295 tritons is 1518.4 MeV/(gm/cm2) and 291.2 MeV/ 

(gm/cm2) respectively. If the Vyns thickness is as small as 

20 ggm/cm2  and it is the alpha particle that crosses the Vyns it 

would suffer a minimum energy loss of 30 KeV which will be in 

addition to those suffered in the LiF and gold layers. Because 

only one of the particles produced per reaction crosses the backing, 

this additional energy loss results in a change of the sum peak 

. shape, which for increased Vyns thickness (-- 140 ygm/cm2  ) would even 

exhibit two separate peaks. The use of a second Vyns foiltso that 

symmetry is restored by sandwi ching the LiF between the two backings, 

would increase the energy losses suffered by the two particles while 

posing difficulties in fabrication and positioning between the two 

diodes. Use of alternative materials for the backing foil, such as 

carbon, although it would reduce the energy loss problem, it would 

introduce additional sources of parasitic reactions. For these 

reasons it was decided to have the LiF layer deposited on the diodes 

and not to use a supporting foil. 
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6.2 Description and Performance of the Demountable Spectrometer 

The surface barrier diodes were manufactured by AERE Harwell 

as described in chapter 3. Each diode was mounted on a stainless 

steel tray, with 18 mm nominal diameter and 0.25 mm thickness. 

Three holes were drilled around the periphery of the circular trays 

at angles 120°  one from the other. These holes are used for the 

screws, (10BA), employed to hold the two diodes together and at a 

fixed distance apart. Diametrically opposite to one of these holes 

a fourth one is drilled to allow the plug for the lower diode to 

pass through both trays, fig. (6.2.1). All these holes must have 

sufficient clearance from the edge of the diode, whilst allowing 

sufficient space (2 to 3 mm) from the edge of the tray, for a thin 

stainless steel spring which rests on the edge of the upper diode 

tray and is compressed at its other end by the protruding end of the 

sealing cap. The purpose of this ring is to prevent the diode 

sandwich from floating inside the spectrometer. 

Contact to the gold electrode of the diode is made through a 

silver gilt galvanometer strip, fixed on the upper diode surface by 

thermosetting silver paste. The other end of this electrode is fixed 

by resin-cored solder to the protruding pin of a subminiature 

Sealectro PTFE socket fixed on the diode tray as shown in fig. (6.2.2)(a). 

The diode sandwich, formed by the two diodes facing each other 

and their supporting trays was ivtroduced inside a stainless steel can 

with internal dimension just accommodating the diameter of the trays. 

The stainless steel employed for the manufacture of the can was 

examined by X-ray techniques, Ref. (87), and its composition by weight 

was: 64.96% Fe, 22.04% Cr, 11.66% Ni, 1.54% Mn, which conforms to 
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BS En 58G. The can wall thickness is 0.40 mm. A small projection 

along the perimeter of the inner surface of the can, at a distance 

of 20 mm from the can bottom, provides the base upon which the diode 

sandwich rests. The 20 mm clearance is required to allow room for 

the lead and plug which is connected into the socket provided on the 

lower diode tray. 

To carry the signal from the diodes, silver plated, PTFE 

sleeved, low capacitance wires are used. For each diode the wires 

are soldered to a subminiature Sealectro plug which carries a pin 

mating with the sockets fixed on the diode tray. In that way a 

plug-in connection is provided for the diodes, enabling their easy 

removal from the spectrometer. After soldering the wires on the 

plug it should be carefully cleaned to avoid the formation of a 

sulphuric oxide which penetrates the lead. 

At the top of the chamber a removable stainless steel cap is 

provided, which accommodates an "0" ring made from Viton to provide 

vacuum tight seal for the spectrometer.chamber. 

On the upper surface of this end-cap a hollow stainless steel 

cylindrical body flange is spotwelded, 14 mm in diameter and 14 mm 

in height. 	This flange houses the glass to metal seal used to feed 

through the cap the leads connected to the diodes. Inside this 

flange the leads are connected to two Lemo, coaxial subminiature 

sockets, type RA01-250, which are screwed and soldered on the top cap 

of this flange. A mating self locking subminiature plug, Lemo F01-250, 

is connected to the leads from the pre-Amplifier. 

This flange is crossed by a small bore copper tube whose lower 

end is soldered to the inner surface of the spectrometer cap. This 
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tube is used to evacuate the spectrometer chamber and carries at 

a distance of 10 mm above the body flange a specially designed 

miniature vacuum valve, shown in cross-section in fig. (6.2.1) and 

its plan view in fig. (6.2.2)(b). 

In order to evacuate the can any commercially available vacuum 

system can be used, consisting of a rotary pump to supply a rough 

vacuum, substituted afterwards by an oil diffusion pump connected 

to the vacuum valve through a liquid nitrogen trap. During evacuation 

the vacuum equipment is connected to inlet A of the miniature valve, 

fig. (6.2.1), through a suitably sealed manifold and stem B is 

unscrewed until its top is in line with the upper surface of the 

valve. When the desired vacuum is reached the stem is screwed down 

keeping "0" ring C in position thus sealing the outlet of the 

pumping stem. 

This spectrometer has been used for in-core spectrum measurements 

in NISUS lb, mounted on the plug shown in fig. (6.2.3) which is similar 

to the one used with the SRD(P)7 spectrometers. The plug is clamped 

on the body flange of the spectrometer. The noise levels obtained 

for pulser peaks were in the range of 30 to 40 Key and the resolution 

of the alpha and triton peaks for thermal neutrons were comparable to 

those obtained from SRD(P)7 spectrometers with the same Li? coatings. 

Results obtained using this spectrometer for the NISUS lb 

spectrum are given in Fig. (6.2.3) and are compared to spectrum 

measurements derived with SRD(P)7 spectrometers in Table (6.2.1).  
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Table 6.2.1  

NISUS lb S•ectrum Measure::: with the Demountable 

Spectrometer Collapsed in the Theoretical Energy Groups,  

Compared with SRC(P)7 Results 

Lower group 
boundary (MeV) 

Flux per 
unit lethargy 

0 

3-30 

0.0248 0.0613 0.8573 

0.0409 0.0955 0.9755 

0.0674 0.1370 0.4358 

0.0865 0.1603 0.9380 

0.1110 0.1846 0.4451 

0.1430 0.2386 1.0497 

0.2350 0.2782 1.0029 

0.3880 0.3444 1.042o 

0.6390 0.3160 1.0067 

0.8210 0.2474 0.9508 

1.150o 0.1722 0.9868 

1.7400 0.1591 1.0502 

2.8700 0.1049 1.0145 

3.6800 0.0706 1.0028 

4.720o 0.0425 0.9423 

6.0700 0.0206 	• 0.8918 

(7,00oo) 
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6.3 Behaviour of Diodes 

The electrical properties of surface barrier diodes under 

fast neutron irradiation exhibit a deterioration which affects 

their :esponse and can lead to misinterpretation of data, through 

multiple peaking and change of the depletion layer thickness. 

For diodes employed in fast neutron spectrometry the main 

cause for this deterioration is the integrated fast neutron dose 

received by the diode, Ref. (41). Fast neutrons induce permanent 

and severe damage in the diode through primary and secondary dis-

placements of Silicon atoms producing vacancies and interstitial 

atoms in the crystal lattice (Frenkel defects). This damage is 

distributed uniformly throughout the Silicon. These defects act as 

trapping and generation centres for charge carriers. As a result of 

their preference for electron trapping they create a net negative 

space charge, which can modify the depletion layer thickness which 

is proportional to the square root of the mean space charge density 

in the depletion layer. The generation of charge carriers on the 

other hand, increases the leakage current in the depletion layer 

which varies proportionally to the inverse of the charge carrier 

lifetime. 

As the reciprocal of the carrier lifetime exhibits a linear 

variation with the integrated neutron dose, Ref. (41), the increase 

in the leakage current during irradiation would be also linear for a 

constant reactor power. Measurement of this leakage current provides 

information about the diode deterioration, especially about the 

decrease in carrier lifetime which affects the diode resolution. 

The leakage current of the diodes was measured at the start of 
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each NISUS irradiation of the spectrometers and at constant time 

intervals during the irradiation. Plotting the results versus 

integrated neutron dose the linear variation of the leakage 

current predicted by theory, was observed in all cases, irrespective 

of diode resistivity or initial value of the leakage current. This 

was the case when the non-demountable spectrometers were used and 

the diodes were constantly under vacuum. 

A total of eight diodes have been used with the demountable 

spectrometer. These diodes have been irradiated in NISUS at different 

reactor powers and their leakage current was monitored during 

irradiation. At first the usual linear variation with the integrated 

neutron dose, fig. (6.3.1) was observed. After the initial irradiation, 

air was allowed into the spectrometer and over a period of one to 

three days a decrease of between 25 and 40% was observed in the leakage 

current for all diodes. 	Re-evacuating the spectrometers and 

repeating diode irradiations at 15 and 30 KW resulted in a decreased 

rate of increase in the leakage rate per unit neutron flux. Two of 

the diodes were coated with LiF and these diodes showed the smaller 

decrease in their absolute leakage current value, and the rate of 

leakage current increase during the second irradiation was almost 

the same as during the first irradiation. 

Although these results do not justify any definite conclusions 

to be drawn regarding the effect of different environments upon the 

diode behaviour, it should be noted that they agree with findings of 

diode manufacturers that diode behaviour deteriorates under prolonged 

encasement in a vacuum. Storing the diodes under vacuum results in 

oxygen atoms from the oxide layer formed on the silicon surface prior 



L kg. current 
[f.1 1.2 

1.0 

0.8 

0.6 

N 
co 

Q.4 

0.2 

x 1010 
 n/cm

2 
 

I 	 1111 	II 	I  
2 4 6 8 10 12 14 16 18 20 22 24 26 2B 30 32 

Fig .6.3 .1 Variation of Diode leakage current with the integrated Fast neutron flux,using the Demountable spectrometer 



- 219 - 

to the gold evaporation (Section 3.2), to be knocked off and tne diode 

behaviour deteriorates because this oxide layer contributes to the 

redressing properties of the gold-silicon diode. Allowing air back 

into the spectrometer the original situation is somewhat rastored. 

If these conclusions are validated by further experimental evidence 

it would be interesting to introduce an oxygen atmosphere inside 

the spectrometers and observe the behaviour of the diodes under 

irradiation, expecting to see a reduced deterioration rate. 
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Chapter 7  

Neutron Flux Perturbation Induced by the 

Spectrometer and Discussion 

Introduction  

In this final chapter a method to evaluate the effects of the 

spectrometer materials upon the spectrum to be measured, will be 

presented and a discussion of the work described in this thesis 

Will be made.; As the perturbation calculation is not completed it is 

Ijoresentedia annoutline fOrm only 

7.1 Spectrometer Induced Perturbations Upon the Neutron S•ectrum 

The perturbation of neutron fields introduced by the measure-

ment instruments requires careful considerations and must be taken 

into consideration while a new measuring device is designed. Neutron 

scattering and absorption by the structural materials of proton recoil 

counters, Li-6 sandwich spectrometers and fission chambers, results to 

a softening of the neutron spectrum which may be considerable if 

inelastic scattering or elastic scattering from light elements are 

involved. 

Considering the complex geometry required for an adequate 

representation of the Li-6 sandwich spectrometer and the competing 

reactions for the neutron within spatial zones containing different 

materials, the Monte Carlo method would be the most suitable to 

evaluate these perturbation effects. Bearing in mind the construction 

of the Li-6 sandwich spectrometers (Chapters 3 and 6), the most 

significant contribution to the spectrum of scattered neutrons 

detected by the LiF layer, arises from the Silicon diodes and the 
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stainless steel trays or can wails which surround the LiF. This 

introduces some simplification of the geometry to be handled while 

the effect of the remaining part of the spectrometer, which is 

omitted, should fall within the statistical errors expected from 

the Monte Carlo calculation. 

The calculation will be made assuming that irradiation takes 

place in a spatially isotropic neutron field, which is in a steady 

state on a macroscopic scale. Also the perturbation introduced by 

the spectrometer is supposed to have settled in a steady state mode. 

Under these assumptions the energy distribution of the neutron 

density within a specific volume can be found by consideration of the 

complete life histories for a large number of neutrons. The neutron 

flux at energy E within the volume element V is given by: 

oldv(E) dE = J(E,r) dEdr = jrn(E,r) v(E)dEdr 
V 	V 

= V(E) Nv(E) 

where v(E) is the velocity of a neutron with energy E and Nv(E) is 

the number of neutrons with energy within dE at E contained in that 

volume at any particular moment. . 

According to this relation, ftv(E) equals the total pathlength 

travelled per unit time, in this volume element by neutrons with 

energy E. Hence the neutron flux in a certain region can be found 

if the complete life histories of a sufficiently large number of 

neutrons are tracked and the pathlength they travel in that region, 

while having an energy with dE at E, are summed together. For a 

multigroup approach to the problem, the relevant relation would be: 
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(XI. = 	f (i. .) ij 	ij K 
K=1 

i = 1,G 
j = 1,R 

(7.1.1) 

where index i refers to the energy group, j to the spatial region 

and K to the K-th source neutron tracked. Thus (1ij  )K  represents 

the pathlength of the k-th neutron in the j-th region while its 

energy is within the energy boundaries of group i. 

The geometry considered is that of a cylinder, subdivided 

vertically in a number of zones, each zone being further subdivided 

in a number of radial regions with cylindrical boundaries, fig. 

(7.1.1). All radial regions have the axis of z as their centre 

axis. The origin of the Cartesian co-ordinate system is positioned 

at the centre of the lower base of the cylinder. 

The ra6ial divisions within each zone are made so that, each 

region contains one material only. The materials considered here 

are stainless steel, Silicon, LiF and vacuum. 	To define each 

region a pair of indexes (1,m) is required. The first defines the 

vertical zone the region belongs to, with boundaries defined by the 

(xy) planes at: 

z = h
p 
and z = h

p+1 with h
p
> hp+1 and h1 = 0. 

The second index defines the radial boundaries of the region which 

are cylindrical surfaces with equations: 

x2 + y2 = Rion  

n2 y2 	2=  Rl,m+1 

with R, m> Rp,m+1 and R111 
 = R

s the spectrometer outer radius. 

Also attached to each region is a material index 





varying from 0 upwards in this case. This index refers to the 

order of the material filling this region, in the material data list. 

An index equal to 0 denotes that the material in that region does not 

interact with neutrons in the whole of the energy range considered. 

Each material has an additional index to indicate the number of its 

constituent elements. 

Similar to the calculation of the geometric efficiency each 

source neutron is considered to lie on the outer surface of the 

spectrometer and to have a direction pointing inwards. The selection 

of the neutron entry point and its direction cosines are determined 

by the entry routine (INDI) used in the calculation of the 

"geometric efficiency". 

The history of each source neutron after entrance is followed 

through the spectrometer until either it leaves the spectrometer or 

its energy falls below a low energy limit or is absorbed within one 

of the regions. Each time the neutron crosses the region between 

the two diodes, in which the neutron spectrum is required, its 

pathlength in that region is added to the cumulative pathlength of 

the appropriate energy group. 

At the exit of the neutron entry routine (INDI) or the collision 

routines, the following parameters for the neutron are specified: 

The region (LV, MV) it belongs in, its position co-ordinates (Xn,Yn,Zn), 

its direction cosines (a,b,c) and its energy (E). 

Knowing the region the neutron belongs in, its material index is 

specified and the total macroscopic free path of the neutron at energy 

E is determined for this region, from the stored neutronic data of the 

materials. The pathlength travelled by the neutron to first collision 
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this region is selected at random on the basis of the probability 

distribution function: 

	

p(1)d1 = 	exp(- Z1) dl 

giving 	1 = 	ln 01  

where 01 is a random number equidistributed in (0,1). 

The next step is to determine whether the neutron after 

travelling a distance equal to 1 from its original point and along 

its direction of flight will still be within region (LV,MV). For 

this test first the equation: 

i < hJV + 1 f c > 0  
Zn cl 

> h JV 	if c< 0 

has to be satisfied for the horizontal region boundaries and then 

the search continues, to determine whether the radial boundaries of 

the region are crossed. If the neutron is moving towards the outer 

region boundary, which is the case if the function (axn  + byn) is 

positive, then the only inequality to be satisfied, is: 

(x 	al)2 (yn + b1)2< R2 LV,MV 

bat if (axn + byn) is negative, the following two inequalities have 

to be satisfied to ensure that all along the pathlength 1 the neutron 

remained in region (LV,MV): 

(xn  + al)2  + (yn + b1)2  A R2IN,Mv+1 
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and 

lsin9  411112LV,MV+1 ( n2 
	2) 

with 	sine = + 	C2  

If these tests are not satisfied the neutron escapes from this 

region uncollided. If the region is the scoring one its pathlength 

in the region is determined and added to the respective energy group 

(Subroutine SCORE). The next region entered by the neutron is 

determined on purely geometric considerations. If this region is 

outside the spectrometer boundaries a new source neutron is selected 

otherwise the co-ordinates of the point at which the neutron crosses 

into the new region are determined and the tracking of this neutron 

is continued with the same direction cosines and energy as before 

but in the new region (selection of pathlength, etc.). 

If the collision tests previously mentioned are satisfied the 

collision routines are called to determine the type of collision and 

the characteristics of the neutron, direction cosines and energy, 

after collision. An additional neutron loss category is introduced 

in the collision routines to cover the case of neutron absorption. 

The exact form of the collision routines depends upon the reactions 

considered and the different laws which apply for the materials 

involved for different neutron energy ranges. 

Neutron tracking continues in that way until the neutron comes 

within a loss category whereupon a new source neutron is selected and 

the- sequence previously described is repeated. 
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The work concluded up to ;low refers to the modelling of all 

geometric events starting from "neutron entry" to "region crossing" 

or "pathlength to collision" determination and the relevant "geometric" 

routines have been written and tested using the CDC 6400 computer. 

In order to simulate the neutron reactions and calculate the 

neutron properties after a reaction, the microscopic nuclear data for 

the materials involved are required. According to the analysis of the 

stainless steel used to construct the Li-6 spectrometer (chapter 6) the cross 

sections and angular and/or neutron energy distributions for neutron 

reactions with Chromium and Nickel would be required, in addition to 

Iron and Silicon. 

This "collision" part of the program contains two sides: 

(a) The preparation of "Nuclear Data" in a suitable form 

allowing their frequent use, with the minimum possible 

expenditure in computing time and storage. 

(b) The actual handling of the prepared and stored "Nuclear 

Data" to obtain the information required for neutron 

tracking. This information is of two types, information 

about the mean free path of a neutron at different neutron 

energies, in different materials and for different reactions, 

and information about the energy and scatter angle of the 

secondary neutrons from a specific reaction with a specific 

material. 

A standard system to solve these problems has been developed 

at AWRE, its code name is DICE and is described in Ref. (89). The 

inputs for this system are pointwise integral and differential data 
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from the UKAEA Nuclear rata Litrary, its output are group cross- 

sections (30C or 128 groups), 	1  weighted, covering the energy 

range from thermal to 14 or 15 MeV and the accumulated scatter angle 

distribution for a calculated sequence of scatter cosines. Also 

whenever the energy distribution of the secondary neutron(s) is 

independent from their scatter angles their cumulative energy 

distribution is given for a calculated sequence of energy points. 

The differential data for each material and reaction remain constant 

over specified energy ranges which are generally wider than the 

cross-section energy groups. 

Using the program MOULD which is incorporated in DICE neutronic 

data for the elements involved in this calculation have been prepared 

in magnetic tape using the IBM computers at AERE (Harwell). For 

storage purposes the format of the data on tape was variable as well 

as the block size. In addition the tape characteristics were 9 track, 

800 bpi, even parity. In order to enable the use of these tapes on 

the CDC computers available at the University of London, a considerable 

effort had to be devoted to transform the data format and tape 

characteristics so that the data tapes are compatible with the CDC 

machines. This work has now been completed and the tapes GKNUC1 and 2 

which contain these data in suitable form, have been prepared. 

To complete this calculation the routines to handle the "collision" 

part of the program, according to the prepared format of the "collision" 

data have to be written. Two ways are suggested for this, one is to 

employ the "collision" routines (EGMV and CR) which are incorporated in 

DICE, after the necessary modifications are introduced to make them 

compatible with the available CDC system, the alternative way is 
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special routines to be written to handle this specific problem. 

The additional effort in doing this can be justified by the saving 

in computing time which will be introduced, since no fission 

reactions are involved, which had to be accounted for in a generaldsed 

system like DICE. These routines would then be of general use, in the 

study of perturbations introduced in a neutron field by instruments 

containing non-fissile material, like proton recoil counters, 

and He-3 spectrometers. 
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7.2 Summary and Conclusions  

The standard, fast neutron spectrum generated at the centre of 

the Thermal Fast converter facility NISUS, has been used to develop 

the use of Lithium-6 sandwich semicoiLductor spectrometers for 

measurements of Fast reactor spectra. 

The employment of fast coincidence electronics combined with 

the pulse shaping method discussed in chapter 3, greatly reduced 

the effect of, gamma-rays and pulse pile-up upon the measured distri-

butions while retaining the good linearity between charged particle 

energy and output pulse height from the diode. The agreement between 

measurements at different gamma-dose rates was good when resolution 

unfolding was employed to derive the neutron spectrum and the 

resolution function was modified as suggested by the effect of the 

gamma dose rate upon the response of test pulses. 

Apart from the electronics the application of the technique 

should be considered separately for high ( 400 KeV) and low neutron 

energies, because of the different relation existing between neutron 

energy and the measured parameter for each of these regions. 

The neutron spectrum at high energies is derived through the 

measurement of the "Sum" energy distribution, which is a sole function 

of the neutron energy. As a result, only the total cross-section 

of the Li-6(n,a)t reaction is required for the analysis of the measured 

distribution and a stral„tforward response matrix can be formulated. 

Because of the extensive energy range covered by this technique and 

the changes exhibited by the cross-section derivative versus energy 

within that range, high accuracy is required for the energy calibration 

of the measured distribution. This can be achieved if the calibration 
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method discussed in section 4.6 is followed which allows for the 

independent determination from experimental data, of the effects 

that back-bias and dead layers of different thickness have upon the 

energy calibration. Using higher resistivity (3200 a-cm) diodes 

which have a depletion layer thickness of 300 microns at 100 V bias 

one ensures that the most energetic triton from a reaction induced 

by a 7.0 MeV neutron will always be stopped within the depletion 

layer and for 8.0 MeV neutrons this will be true for 94% of the 

tritons detected. On the other hand a 120 ggm/cm2  LiF layer is 

sufficient to produce good statistical accuracy with such a diode, 

within the life span of the diode under fast neutron irradiation. 

The Monte Carlo calculation for the "Geometric efficiency" 

provided accurate values for its variation with neutron energy 

and made possible to take into consideration the effect of the LiF 

thickness and discriminator setting upon the measurement. In that 

way measurements at the presence of high thermal fluxes could be 

carried out using the appropriate discriminator setting and the 

necessary corrections can be calculated using GEAR for the specific 

spectrometer design and experimental conditions. 

Observance of the experimental procedure and application of the 

calculated corrections described here for the "Sum" technique, leaves 

as the principal source of error for the derived neutron spectrum the 

uncertainties in the total cross-section of the Li-6(n,a)t reaction. 

Although the cross-section data set employed in this work gave good 

agreement between Li-6 and proportional counter results one cannot be 

satisfied with the existing discrepancies between measurements of the 

cross-section carried out with semiconductor diodes and those using 

scintillators, Ref. (91) and (92), at energies between 50 KeV and 
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1.7 MeV.. 

In order to clarify these discrepancies it is proposed to repeat 

the measurements of the spectrometer efficiency, made by Clements and 

Rickard Ref. (75), from which the cross section can be determined 

after division by the "geometric efficiency" calculated by GEAR for 

directional neutron fluxes. The energy range covered by the experiment 

Should be 150 KeV to 1.7 MeV to provide adequate overlap with 

scintillator experiments and theoretical evaluations. The IBIS pulsed 

beam accelerator at AERE Harwell, Ref. (93), would be the suitable 

source of charged particles in view of the short duration (41 ns) of 

the particle pulse which enables fast neutron time of flight experi-

ments to be carried out using relatively short pathlengths. The 

measurement should be a pointwise one made relative to the efficiency 

of a Harwell calibrated liquid scintillator, Ref. (94), which is known 

to within + 3%, while for the production of monoenergetic neutrons the 

Li-7 (p,n) Be-7 and T(p,n) He-3 reactions should be used 	the . 

neutron detectors positioned at 0°  angle with the beam axis: 

The energy profile of the neutron beam hitting the spectrometer 

should be determined using the Time-of-Flight technique. In the 

previous experiment the pulse height distribution, corresponding 

to the sum of the alpha and triton energies measured as for neutron 

spectrometry, was employed to derive the corrections required for the 

energy spread of the neutron spread. Following Monte Carlo calculations 

taking into account, the energy loss experienced by the ion beam in 

the neutron producing target, neutron scattering in this target and 

the, finite geometry of both the target and the spectrometer (LP layer), 
2 it was shown that for 200 mgm/cm Li-7 targets and a spectrometer to 
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target distance of 40 mm (minimum possible distance) the FWHM for 

the neutron beam at the spectrometer is smaller than 50 KeV, rising 

to 200 KeV for a Tritium gas target enclosed in a Molybdenum cell 

25.4 cm long under 1 atm pressure. Compared to these values the 

FILM of the pulse height distribution is expected to be higher than 

200 KeV. Thus the energy spread correction through pulse height 

analysis constitutes a source of systematic error which is removed 

by the use of the Time-of-Flight technique. 

The start signal is provided by a permanent circuit provided 

at IBIS while for the stop signal transformer pick-of circuits can 

be used. Such circuits are available commercially (Harwell Time 

pick-of unit 95/0096)-2/6 or ORTEC 260) end offer time resolution 

of 1 ns. Positioning the Li-6 spectrometer at a distance of 50 cm 

from the neutron producing target would give a 3 KeV resolution at 

150 KeV becoming 120 KeV at 1.7 MeV. The main problem would arise 

from the.low efficiency of the spectrometer which would require 

counting periods from 30 min to 4 hrs for individual energy points 

and 1000 counts under the peak, for 8),,AA ion current and LiF coatings 

of 240 Agq/cm
2 
on both spectrometer diodes. As the spectrometer will 

not be used, in this case, for energy measurement this thickness of 

LIP would not have any adverse effect upon the experiment. 

The low energy part of the neutron spectrum (<1400 KeV) was 

measured using two techniques, the "Triton" and "Difference". In both 

cases the measured parameter is a function of the neutron energy and 

the angle of emission of the reaction products in the centre of mass 

system. The development of the "Difference" technique enabled an 

increase in the neutron energy resolution for energies below 200 KeV. 
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Ca the other hand the worsened energy resolution of the measured 

parameter, compared to that of the triton energy, combined with the 

existence of a cross-section resonance at 247 KeV produce unsatisfactory 

results at higher energies. This resonance is better resolved by the 

analysis of the "triton" energy distribution. As discussed in chapter 

4 the alpha particle contribution to the triton counts distribution 

can be readily allowed for in the response matrix formulation by 

consideration of the reaction kinematics, so that additional elaborate 

means for their elimination can be avoided. For Fast Reactor type 

spectra the "High Energy Background", which distorts the measured 

"triton" and "Difference" distributions, can be considered to have 

a flat distribution over the energy range considered for these 

techniques, as shown in sections 4.7 and 5.5. 	The error on the 

derived neutron spectrum due to the uncertainty in the value of this 

Background,which is subtracted from the measured distribution, is 

smaller than the statistical uncertainties in the distribution to 

be analysed. 

The dependence of the measured parameters, Et  and lEt  - Eal 

upon the centre of mass angle of emission necessitates the use of the 

differential cross-section of the Li-6(n,a)t reaction in the analysis 

of the measured distributions and the shape of the derived spectrum 

exhibits considerable dependence upon it. In view of the discrepancies 

between existing data for the differential cross-section and the 

difference between Li-6 and proton recoil counter results around 

100 KeV, except when the modified Bluet set is used, there is a clear 

need for further measurements of the differential cross-section, in 

order to resolve these differences. 
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Considering the currently available techniques for in-core 

fast neutron spectrometry, a combination of proton recoil counters 

and Li-6 sandwich spectrometers operating in the "Sum" mode can 

provide the spectrum from 20 KeV to 8 MeV with adequate resolution 

and meeting the required accuracy,if the discrepancies in the total 

cross section mentioned earlier, are removed. In the region below 

200 KeV the "triton" and "Difference" techniques can also be used 

but at higher energies they cannot compete with proton recoil 

counters because of the disturbance caused by the 247 KeV Li-6 

resonance. The use of demountable spectrometers will enable to 

reduce considerably the high cost of Li-6 measurements. Considering 

the fragility of surface-barrier diodes and the difficulties in 

their manufacture, it would be of great importance for a more 

extensive application of the technique, if the more robust diffused-

junction diodes were used instead of surface-barrier ones. The 

main argument against this replacement is increased diode current 

noise due to a reduction in the minority carrier lifetime because 

of the high temperatures (--800°C) required for the diffusion 

process. On the other hand the possibility to manufacture diffused-

junctions diodes with only 0.1 micron Phosphorus dead layer thickness 

(18 Agp/cm2) compared with 80 Agm/cm2 of Gold on the surface-barrier 

diode, would result in smaller energy losses for the charged particle 

prior to detection (-1/2) and better resolution. Tests for the 

efficacy of diffused-junction diodes could be easily made using the 

demountable spectrometer. 
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APPENDIX A 

The Kinematics of the Li
6 
 (nla)t reaction. 

The Li6(n,a)t reaction is a typical exothermic 1(2,3)4 

reaction, with a single Q value of 4.786 MeV. In the following 

study of the reaction kinematics subscripts 1,2,3,4 will denote 

variables of the Li
6 nucleus, neutron, alpha and triton respectively, 

while primed variables belong to the centre of mass system of 

reference. 

The configurations of the reaction in the two reference 

systems, are shown in fig. 1. 

triton 	 triton 

Li-6 
aloha Laboratory system alpha 

Centre of mass system 
Fig. 1 

The velocities of a particle in the two reference systems 

are related to one another by: 

V. = V - V 

where Vc 
 is the centre of mass velocity in the laboratory system, 

given by equation (2), under the assumption that the target nucleus 

is at rest in that system. 

(1) 

 
V 

and with 

24...M 
1 2 	—2 

—c = VITT 

V

-- 0  Mi 

/11°42 
P 	= 7177-- , the "reduced mass" of the system 

(2) 
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we get: 

V = 	. V 
—c MI  —2 

Applying the principles of conservation of momentum avid 

energy for the centre of mass reference system, we have: 

FL • 	 + Pit  V' 

	

1 	• 4 = 143 • Xi + 144  . 

(4) 

	

Q + mivi 	m2v22  = 	i mily42 	(b) 

while according to equations (1) and (2) it is: 

M
2 = V - V = -V = 	. V2  

M2 

c 	—c 	kt.L +14
2 

 .) 	 2 

M
2 	

M1 

	

V=V -V = 	.V = 	. V 
2 —2 —c 	M..+14 	 2 	) 2 

2 	1 2 

so that the ihs of equation 4(a) becomes equal to zero, which means 

that the two reaction products move in opposite directions in the 

centre of mass system, with speeds inversely proportional to their 

masses: 

VI 	VI 

4  3 
(6)  

From equations 5a,5b and 4b we find: 

 

Mi 	 4. 01 

(Ml+M.2) 

2 

-2 	7.1  

 

1P2  (7)  

  

(3) 

(a) 

(5) 
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where E2  = M2  V2 V2  is the kinetic energy of the incident neutron, 

and for particle 4 we find from equations (6) and (7),: 

a 	
ml 

V s 	
M 

2 	 

	

3 	M
3. 

(M3+144 [ 	2 
• E2 

For the velocities of the reaction products in the laboratory 

system of reference, we employ fig. 2, whereby application of the 

cosine law we find: 

-2 := V!2  1 + v-  + 2VW1c  cos 01 	i = 3,4 c  

Substituting VI from either of equations (7) or (8) and Vc  

from equation 2 we get: 

M. 

+ 

M
2 	 Vi 2 	1 	3 	M1 	r 	n 	2ecos E + wi = 	+M ) [WW1 E2 + 96] (m .1.14  12 2 WW1' 

1  3 4 	1 2 
` 1 2' 	1 2 

(i=3, j=4) or (i=4,j=3) 

1/ m p42 M -07
3

4.47
4 

 7 E
2
+Q ]E

2 i I-  

(io) 

and in terms of the reaction product energy, we have: 

 

M. ,  2 	20cos 9/ 	4M2 M 
6777 El2 4. Q1 	2 2 77577-  E + 	1-7:--1.mT244fa

]E
2 

Ml 	M M. 

2 	 1347 (M1412)- 	1 2 	1 2 
E. 

(8)  

(9)  
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Re-arranging equation 11 and using the coefficients 

a1ia2,a3,a4  set below we have: 

= alQ + a2E2  + a3cose'i (a4E2  + Q)E2  

M
3   

al 	
_ 	 ____ 

(M +M ) 1 	- 	
•1 

3 	) 1 2 

M 2 

143Mm  2 

2 	M m3m a3 
= 177 (1434+14) 	= 7717 

with all four coefficients dimensionless. 

For E
3 

we have: 

E3 = E2 + 	E
k 

which combined with equation 12 gives: 

Mh  
E3  = - 	1 + (1-a.2)E2  - a

3
cosErli (a4E2+Q)E2 

From equations 12 and 14b it is seen that the energies of the 

reaction products in the laboratory reference system are linear 

functions of the cosine of their centre of mass angle of emission: 

E = f(E2) + f2(E
2) . cosel 

with 

fl(E2)  = a1.Q  a2E2 ' f2(E2)  = ai(a4E2 Q)E2 

(12)  

(13)  

(15)  

(16)  



dE 	) 
min 2 	(2a Ea  Q) 

dE2 	
a2  a3. 

2. 	+Q E
2 
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Both functions f1(E2) and f2(E2) are always positive and 

increase with E2. Thus for E2 constant the maximum value for "4 

is obtained for 	= 0°  and is equal to: 

E4 	(E2
) = alQ + a2E2 + a311 (a4E2  + Q)E2 max 

(17) 

with a corresponding minimum value for E
3 

given by equation 14a. 

As A' increases, from 0°  to 180°, E
4 decreases while E3 

increases 

and the minimum value for Eli  at 180°, is: 

(E2) = alQ + a2E2  - a31i/ (a4E2  + Q)E2 	(18) 

From equations (12), (17), (18) another expression for 

E4(E2'  cosh'), is obtained which is useful if we know E2 (E2) and max 
E2 . (E2). 

111.1X1 

E (E
2'case') = 

(19) 

From equations 14b and 17 it is obvious that both E 	and 
'max 

E4 	are increasing functions of E2. For the minimum value of E4 max 
it is found from equation 18 that: 

which equals zero, for: 

E = - -9,- • (1 2 	2a4  (20a) 



E3 2 	= - 	[1 	11  - a21  2a4  
1/(1-a2 3 )2-a2a 4 

(22) 
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giving the minimum possible value for E
4' 

which is: 

(E4 	) min min 

a2 e 	2 )E  
(2a1a2 	3

)cz 2(a  22 
a3
a 
 4' 2 

2a2  (21) 

For E 	(E2), according to equations 14(a) and 17 it is: 
3min 

E 	(E
2 
 ) = E2 + Q E4  (E2) 3min 	max 

and 

	 - 1  dE2 	
ds 

 2 	2 
	32  • I (a4E2+Q)E2 

4(  

which would produce a minimum for E3 
	' at E3  given by: 
m • 	2in 

dE3  • (E2)  min 	
dE 
max(E2) 
	

(2a4E2 Q) 	 - (1 	a ) 	a • 

Regarding the angles of emergence of the reaction products in 

the laboratory system of reference, according to fig. 2 it can be 

written that: 

V..cose. = V +11!1  . cosA! 	i = 3,4 	(23) a.  

while the cosine law gives equation (9). 

V 

v! Writing y. = c , i = 3,4 (24) 

it is found that: 
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cose. = 
y i+cos9I 

(25)  

 

111+y.2+2y..cose! 

providedthatcos9!=-1andY.=1 cannot occur simultaneously. 

This pair of values means that product i moves, in the centre of 

mass system with a velocity opposite to that of the centre of mass 

and equal in absolute value. Thus it would be stationary in the 

laboratory reference system, with its sister particle having a 

velocity, in the laboratory system equal to: 

(m .141 
v. 	3  4) 	v —j 	(m..+14 2 ) m. —2  j 

giving 
(M
3
+m) 

p P. = L.V. = (M1+M2) :1.2 

Since the velocity of product i equals zero, its momentum 

would also be zero, which means that Pi  = P2  or M3+M4  = M14412  or 

Q=0, which is not the case. Thus, it is not possible to have 

cos91 = -1 and y i  = 1 at the same time and from equation (25) it 

is deduced that: 

Y coset 
cos94  _ 	 

	 OmlIlm•■•••• 

14-y 2+2y cos9* 

(27) 

cos9
3 

_ AI 	 
Y
3 

- cosel 

 

(b) 

  

14-Y
3
2-2Y

3
cos9' 

  

(26)  

(a) 
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To calculate the angle between the reaction product 

directions of movement in the laboratory system, tang, is required. 

Again from fig. 2 it is observed that: 

Vi.sin9i  = V.sing! 

which if combined with equation 23, gives: 

sing! 
tanei 	-.+LO! YI  

It should be mentioned however that one should be careful in 

using formula (28) in a program, because if Yi  = -cos01,tanO4  becomes 

indeterminate, with a limiting value at infinity (ei  = A/2). 

The value of yi  can be found from its definition, equations 

2 and 7, to be: 

Y 2 = 
M. 	E2  

i 	M
i M (Ml+M2)2  r  mi  

2 (M -1-14 ) L(M_+M ) E2+Q] 3 4 	1 2 

andy.according to equation 6, would be: 

M. 
Yi = -am Y 

From equation (29) it is obvious that Yi  is a positive 

function of E2, starting from zero for E
2 = 0 and increasing with 

• E
2 towards an asymptotic value: 

M. (m3  +M ) lim Y.2 = Ma  kM,(1414-142) 
E  m j 
2 

(28) 

(29)  

(30)  

(31)  
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Another angular parameter which could be of importance some-

times is the angle between the two reaction products in the 

laboratory system: 

0 = 0
3 
+ 0
4 

For which: 

tan 0 = 1 -tanG3.tan94.  

becoming: 
(13  + Y4).sinel 

tan es - (y3y4 	1) + (13  y4)COSel  

if tangy  tan94  are substituted from equation 28. 

Again it should be noted that if cosAl = -)ri  then equation 33 

isnotvalidsincetarlebecomesinfinite.Inthatcasems0.=0 

and 9. = 90o while: 

9. 
C 	

m , 	1 
(m.444.) --11  4  

and 	o = 	+ G. 

For GI =
4 
 = 0o ' then 0 = 180° and as 9' increases, 0 decreases 
-  

passing from a minimum value for 

Y 	 (Y + Y ) 
yy 	

- Y 
cos GI = k 	and tan 	-- 	 min - 

3 4- 	
1/ 

ry 
3 
y 
 4 ' 
..112 

(y4  y  3' 
)2  

and  then increasing again up to 1800  as G1  increases to 1800. This 

minimum possible value of 0 is a decreasing function of energy E2  

tending to an asymptotic value at E2  4 °3  which can be found if 

equation 31 is used. 

tang
3 
+ tanek  

(32)  

(33)  

(30 



- 258 - 

., Returning to the la6  (n,a)t reaction, the equations previcusly 

derived can be applied if the nuclidie masses are substituted. 

According to Ref. 90, these masses in atomic mass units ( 12scale) 

are: 

1 = 6.0151260 (31a6) 

m2  = 1.0086654 (n) 

m3  = 4.0026036 (2He4) 

m = 3.0160494 (1H3) 

For these values, it is 

m1 + m2 = 7.0237914 

m3 + m = 7.0186530 

giving a value for Q of 

Q = 5.1384 * 10-3  * 931.478 = 4.786306 MeV 

and from equations (13) it is found that 

a1 = 0.570281 

a2 = 0.549693 

a3  = 0.375055 

= 0.856393 

so that if En 
= E
2 and Et 

= E4, equation 12 would be written 
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Et  = 2.729539 + 0.549693 * En  + 0.37505511 (0.856393 * En  + 4.786306)* 

*En  * cosQl 
	

(35) 
(MeV) 

while 	Ea = E'32 
+ 4.786306 - Et 
	(MeV) 
	

(36) 

For thermal neutrons, the energies of the reaction products, 

would be:(Et)th 	(-a = 2.729539 MeV and r.)th = 2.056767 MeV, according 

to equation 35 and 36. The minimum possible triton energy, calculated 

from equation 21 is 

E
t . 

= 2.384609 MeV occurring at a neutron energy of 
Mill 

0.809204 MeV, and the minimum possible alpha energy is Ea 	
= 1.600160 MeV min   

occurring at En  = 1.591666 Mo.V. 

From equation 29 we find for yk: 

E 

'8.057750 * a + 45.034950 

and 13  = 1.327101 *.y4  according to equation 30. The asymptotic 

value ofi k  at E2÷ c° is 0.352284, according to equation 31 and 

the minimum possible angle between the reaction products is 

mIn  = 135.26° according to equation 34 (asymptotic value at En c°). 
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APPENDIX B  

Energy Losses of Charged Particles Travelling in Matter. 

Introduction 

One of the most common requirements in experiments of nuclear 

and reactor physics is information on the rate of energy loss or on 

the range of energetic charged particles travelling through matter. 

Such information is required for the calibration of neutron 

spectrometers employing charged particle detection or for determina-

tion of their energy resolution. Also in work with SSTR's the 

creation itself of a visible track created by the charged particle 

depends upon an energy loss criterion, while in studies of the 

biological effects produced by nuclear radiation in matter the 

energy loss process is of great importance. 

A combination of experimental results and theoretical considera-

tions can produce rate of energy loss values approaching an accuracy 

of 1% for proton energies above 1 MeV. Knowledge of the rate of 

energy loss can be used for the calculation of ranges, according to 

the continuous slowing down approximation, (CSJCI range), through 

numerical integration. 

In this Appendix, a study is made of the theories developed for 

the mechanism of energy loss as the particle is slowed down and of 

the experimental and theoretical evaluations of the parameters 

involved, so that a consistent computation of the rate of energy 

loss over a wide energy range could be carried out. 
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2.1 The Energy Loss Process 

A detailed review of the theories describing the energy loss 

process is given in Reference 1, for protons and alphas, while 

Reference 2 deals with heavier ions, 

It should be noted, however, that despite the distinction in 

'light' and 'heavy' ions the mechanisms responsible for the energy 

loss experienced by the energetic ion while passing through matter, 

are essentially the same for both categories. The main reason for 

this distinction being the change in the ionic charge, whose 

importance for the energy loss calculation starts at higher energies 

as the atomic number of the ion increases. 

Ehergetic ions travelling in matter interact with atomic 

electrons and nuclei (in scattering and nuclear reactions). While 

the ion velocity is considerably in excess of the orbital velocities 

of its electrons (p >> 2z/137), it will be stripped of all orbital 

electronsF and the bare nucleus will be losing energy through 

:lastic type collisions with the electrons of e stopping 

material. Thus, energy loss occurs through atomic electron 

excitation and ionization of the medium. This process is known 

as 'electronic stopping'. (This primary ionization of the medium 

is followed by a secondary one, since a considerable number of 

primary electrons have sufficient energy to produce further 

ionizations.) 

As the ion slows down approaching velocities comparable to 

• the orbital velocities of its electrons, the probability that an 

electron will be captured by the moving ion increases as well as 

Complete stripping for the heaviest ions occurs only at energies 
higher than 1000 NeV/amu 
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that for retaining the captured electron. With further slowing 

down of the ion, these probabilities continue to increase resulting 

in a change of the net ion charge. During this stage the mechanism 

of energy loss remains essentially 'electronic'. 

When the velocity of the ion drops below that of its k-shell 

electrons, the ion becomes neutralised, while the mechanism of 

energy loss changes to what is called 'nuclear stopping'. Energy 

is now transferred to the medium through elastic collisions between 

the ion and the nuclei of the medium. 

According to the Thomas-Fermi statistical model of the atom, 

2  f atomic electrons have orbital velocities between vo e 
 (the rms 

velocity of the H electron) and zvo, for the majority of the 

/ electrons the velocity being of the order v
o
z3 (=  137  z23) 

-  

Since the electron orbital velocity increases with increasing z, 

the reduction in the ion charge for heavy ions starts at higher 

energies than for protons and alphas. 

Finally, the neutralised atom is considered to be stopped 

when it either reaches thermal velocities or combines chemically 

with the atoms of the medium. 

3.1 Stopping Power Evaluation according to Theoretical Atom Models  

The first attempt to calculate the energy loss experienced by 

charged particles travelling through matter was made by Bohr through 

. a semi-classical procedure followed by a q"antum-mechanical 

formulation by Bethe. Both theories apply to separate atoms (i.e. 

gases). 
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Bohr calculated the cross-sections for electron capture and 

loss by the ion, on the assumptions:- 

a) That electron velocities in the ion and matter are given 

by a simplified Thomas-Fermi statistical model of the atom, aad 

b) That the ion returns to its ground state between collisions. 

The second assumption is fulfilled only for rarefied gaseous 

media, hence the restriction in the validity of his theory. 

Later, Fermi evaluated the influence of no  atoms interacting 

simultaneously with the incident ion and with c;J:.-: another, through 

a semi-classical macroscopic procedure, and. Fhno worked out the 

connection between the Bethe and Fermi theories. 

As a conclusion of these theories and subsequent corrections 

applied, the well known Bethe-Livingston-Bloch, (References 3, 4, 5), 

formula has been derived, giving the average rate of energy loss per 

unit path-length experienced by an ion of charge z, moving with 

velocity v (in cm.s-1) in a medium of atomic number Z and atom 

density N (cm-3):- 
. 

2mev2 4. ln 1 _ n2 ._ c _ 10 dE 4nz2e4 	• r — = 	NZ 1 ln — ds 	2 	I 	2 " Z 2 m v 	1-13 e 
(3.11) 

where e is the electronic chargeF 

me is the electron mass (= 5.48567*10-4  amu or 5.110060*10-1  MeV) 

I is the mean ionization potential of the stopping medium 

(see Section 3.3) (in energy units, usually eV) 

From the fine structure constant we have: 

2 	he fall  he = 1.05450410-27  e =1:37:(-5-3-8-767. 	 x 2.997925*10
10 eV.cm 

1.60210 #1012  

and e4  = 2.073330 *10-22 mev2cm2 (Numerical values are taken from 
NBS Tech. News 47 175 (1963)). 
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p is v/c (c = velocity of light) 

c/z is the shell correction term (see Section 3.2) 

	

6 	is the 'density effect' correction term (see Section 3.4) 

Condensing the logarithm in formula 3.11 in a dimensionless 

multiplier B, called the 'stopping number', we get:- 

	

dE 	knz2e4 7tz2e4 	2. NZ* 	4 B = m y 
	• 

NA 	Z*B 

	

ds 	2 	V A m y2  e 	e 

and substituting numerical values:- 

2 dE = 0.307065 *
2 A Z *B (MeV. cm-1) ds 

(3.12) 

(3.13) 

where p is the density of the stopping medium in g.cm-3  

A is the chemical atomic weight of the stopping medium. 

0 Al 	dE Also, 73.; = 0.307065*10 -3* 12* 2 	
* B (MeV/mg.cm -2) 

P. 

is another Hit frequently used for stopping power values. 

From equation (3.11), if we ignore the shell and density effect 

correction terms, we can see the general trend for the rate of energy 

loss with decreasing particle energy. 

dE The dependence of IT; upon the ion is through: 

\ (i) The square of its net charge (z2), and, 

(ii) The square of its velocity which is equivalent to the value 

of its energy per mass unit (MeV/amu). 

( 3 . 14) 
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dE 
This relationship between Ts  and ion characteristics is of 

great help in calculating the rate of energy loss for different 

ions (see Section 6). 

The logarithmic factor, B, is a slowly and monotonically 

increasing function of v2, while the rest is a monotonically 

decreasing function of v2, both having a limiting minimum or 

maximum value for v2 = c2. An ion entering the medium with a high 

velocity, loses energy with a rate which roughly increases as v-21  

the non-logarithmic factor being the predominant one. At inter-

mediate velocities, corresponding to a few MeV/amu, gradual 

neutralization starts to dominate this dependence and, as further 

slowing down occurs, the logarithmic rise becomes predominant, 

resulting in the stopping power to pass through a maximum which, 

for most ions, lies within the range of 100 keV/amu, the higher 

values occurring for the heavier ions in the higher Z materials. 

For the lighter particles equation 3.11 will give results with 

an overall accuracy of ti 15 for energies down to the few MeV region. 

For the heavier ones this equation can be applied at low energies, 

provided the variation of the net charge of the particle is taken 

into account. 

3.2 Shell Corrections (c/Z)  

Stopping power theory has been derived with the assumption that 

' the velocity of the incident particle is always higher than that of 

the atomic electrons in the stopping medium. In fact, as the 

particle velocity, during slowing down, becomes comparable to that 
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of inner shell atomic electrons their stopping power is con-

siderably reduced. To correct for this assumption the term c/Z, 

known as the 'shell corrections term' has been introduced in 

equation 3.11. 

Shell corrections are significant at all energies in heavy 

elements and for all but the lightest stopping media at proton 

energies as high as 100 MeV. (For if HeV protons in lead they 

reduce the stopping power by 16). At low velocities they are 

negative in sign. As the particle velocity increases they change 

sign, pass through a maximum falling subsequently to RMP111  

asymptotic values. 

Since atomic electron velocities are a function of the shell 

the electron belongs to, the term c/Z, at any given particle energy, 

should be considered as a sum of the contribution of each individual 

shell, i.e.: 

cK  el  cm  
Z _ 	+ 

while for shells higher than the M, separate contributions have to 

be introduced for each subshell (References 6, 7). 

a) Evaluation of the shell correction term on the basis 

of equation 3.21: 

Walske (References 9, 10) calculated theoretically, corrections 

for the K and L shells, revising and extending the use of hydrogenic 

wave functions. His results for K-shell corrections (Reference 9) 

are given in terms of a convenient variable n which is the 

quotient of E by the 'ideal ionization potential' zk 	RE, where 
eff 

(3.21) 
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RR  is the ionization potential of the hydrogen atom. The 

dependence upon the stopping medium is given through 9K'  which is 

the energy difference between ground state and lowest unoccupied 

state in the atom ('observed ionization potential'). 

Walske's results are produced in a rather complicated graph 

form. He divides the particle energy domain into three ranges, 

with limits: 

(i) 0 < l/nK  < 2, for which graphs are given of cK  

vs l/nK  with 9 as a parameter 

-(ii) 1/nK  > 2, for which he gives curves of a function BK  

vs nK  with subsequent calculation of cK(OK,nK) from BK. 

(iii) For nK > 10, cK  may be best determined from an 

expansion in powers of 1/nK  

For the L-shell corrections he gives only asymptotic values, 

and his theory is valid only for Z > 30. Although his corrections 

are not reliable for the lightest elements, where they could be 

tested most accurately, a critical examination by Bichsel, 

(Reference 7), of the experimental data for Aluminium indicates 

that Walske's theory is essentially correct. 

To facilitate computation of the K-shell correction Williamson 

and Boujot (Reference 12) have fitted Walske's curves by a function 

of the form: 

F  In Reference 11 Bichsel gives the following formula for nK: 

nK  = 18803*P2/(Z - 0.5)2  and for 	= 18800p2/(z - 4.15)2  -  
For M-shell, zeff  I,  Z-14. 



- 268 - 

-1 cK = 	exp(-B -1) 
	

(3.22) 

where 

-1 	m 	k  tzitio.3)2  2,2127_ is Walske's nK  • 137 ' 	Z.E 

A = 9.670 - 17.30.Q 11Q2  

B = 3.869 - 6.775Q + 4.050Q2  

Q = 0.6354 0.0o6943z 0.00olo4857z2  

E is the particle energy in MeV 

Their fitting gives values within 3% of Walske's graphs for 

the region 0 < n < 2, while no equivalent figures is given for 

1/n > 2. Equation 3.21 has been used in the preparation of the 

Tables in Reference 12. 

More recently Skyrme (Reference 13), in the preparation of his 

tables, calculated L-shell corrections for Si (Z = 14 < 30) over a 

particle energy range of 1 to 50 MeV by making a 'reasonable choice' 

for the values of the coefficients in Walske's equation for high 

dE 
particle energies, but as he states the values fora at low 

energies are very sensitive to the choice of these values, giving a 

dE 
difference of as much as 8% between the values of Tx  for 1 MeV 

alphas calculated using two different sets of coefficient values. 

Bichsel has assumed, (Reference 14) that higher shell corrections 

should have approximately the same velocity dependence as the Li-

shell corrections of Waiske, and calculated them semi-empirically by 

applying proper scaling of the If-shell corrections, allowing for the 

sub-shell structure of atomic electrons in these shells. The scaling 

factors were determined by simultaneous least square fitting of 
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equation 3.11 to a large number of experimental energy loss and 

range data for a number of elements, ignoring the density correction 

term. 

At the limit, 3 = 1, he assumed that shell corrections vanish, 

thus he used Iadj  rather than I (see Section 3.3). 

Applying these corrections to heavy elements, as lead and 

uranium, good agreement was obtained with experimentally measured 

ranges and energy losses to both high and low velocities. A draw-

back of the method is, that it is a completely numerical one, and 

must be carried out separately and in detail for each stopping 

medium. 

b) Evaluation of the shell correction as a unitary term: 

For stopping media with Z > 20, corrections for higher shells 

(M, N, 0) become quite important even at the moderate proton 

energies of 1 to 20 EeV, accounting for several per cent in the 

stopping power value. For these shells there is no theory available. 

The extension of the velocity dependence, as derived from theory 

for the L-shell correction term to higher shells (Bichsel), is a 

fairly bad approximation at very low velocities where the correction 

becomes negative. 	This necessitates the evaluation of c/Z as a 

unitary term depending upon the particle velocity and the stopping 

medium. Theoretical and semi-empirical determinations of c/Z 

following this concept are made through the function: 

L(v,Z) = in (44 

Lindhard and Scharf, (Reference 15) calculated L(v,Z) 

theoretically on the basis of a statistical model of the atom, which 
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led them to the conclusion that L(v,Z) is a function of the sole 

v2  

2 _ variable x =---- = 13y2  p //z. Furthermore, they assumed that 
voZ 

individual electrons with resolution frequencies higher than a 

critical value do not contribute in the energy loss process, 

(i.e. that the reduction in the contribution, to the energy loss, 

from the individual electrons is an abrupt one). 

They derived for L(x) the formulae: 

L(x) = 1.36x1/2  0.016x3/2  for x < 4.84 	(a) 

and 

	

	
(3.23) 

L(x) = (2y)3/2J/2  1 + 10Q e2/2 for x> 4.84 
c1/2 	

(b) 

In equation 3.23b y is a parameter, given by v/Z1/3  (j 

being the effective quantum number), adjusted at a value of 0.71 

so that Bloch's constant (K = I/Z) will have the value 10 eV, and 

c has the value 5.6 determined by comparison with experimem. 

low velocities (thus, L(x) = 0.982551*x1/2  ). 

The Thomas-Fermi statistical model they used, leads to a 

unique value of VZ for all elements, and gave L as a sole function 

of x. In fact VZ has not a unique value across the periodic 

table and for that reason L(x) actually has a small dependence on 

Z, as verified by Turner (Reference 1), who evaluated L(x) with Z 

as a parameter from experimental stopping power data. He worked 

on a set of extensively studied metals with atomic numbers 

covering the whole periodic system and the stopping values he used 

were taken from the smoothed stopping power tables of Bichsel 
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(Reference 14) and Whaling (Reference 16). 

Turner allowed for the fact that c/Z does not vanish at the 

Limit p = 1, in agreement with Walske's theoretical conclusion 

from theory that, c/Z is a function of 1/v2 and not E approaching 

a non-zero value as v 	For that reason, when Turner's c/Z 

values are used the non-adjusted value of I should be used in the 

stopping power formula. 

An analytic expression for L(x) has been worked out by Armstrong 

and Chandler (Reference 17) valid for protons of energy less than 

8.0 MeV. They also considered L as a sole function of x for Z > 13 

(Al), where I/Z shows a very small variation, and calculated it by 

fitting the stopping power formula to experimental data for protons 

in Al. For Z < 3.33 (water) again they consider L independent of 

Z and derived a formula by fitting L to stopping power data for 

water. In the intermediate region (3.33 <z < 13), L(x) is 

determined by interpolating for Z between the L(x) values obtained 

from the formulae for the other two regions. These formulas are:- 

L(x) = exp(f(x)) 	 (3.24) 

Z < 3.33 

f(x) = -1.82.10 61n7x 2.233.10 -51n6x + 1.22.10 -41n5x + 1.838.10 -31n4x- 

-4.4575.10 -31n3x - 6.8371.10-2x + 5.2666.10 -11nx + 3.7437.10-1 
 (a) 

Z 13 

f(x) = 4.77.10 -41n4x + 1.143.10 -31n3x - 5.634.10 -21n2x + 4.764.10 -11nx + 

4.844.101 	 (b) 
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L(x) as calculated by these three methods for a number of 

stopping media with Z covering the periodic system range is shown 

in figures 1, 2, 3, 4. From these it can be seen that Lindhard's 

method greatly overpredicts L for values of x > 4.84, for any 

absorber. For x < 4.84 and for light absorbers it differs from the 

experimentally determined values by 10% or more as x decreases, 

while for heavier elements it agrees within a few per cent. In 

fact for heavier elements it predicts L with the same accuracy up 

to a value of x = 20 if the low x formula is used (equation 3.23a). 

The inadequacy of Lindhard's theory results from-the fact 

that the Thomas-Fermi description of the atom is not a good 

approximation for atoms of light elements. The L(x) values 

derived from Turner and those of Armstrong and Chandler agree 

within 5% for low Z elements and much better for heavier ones. 

Thus, formula 3.24 provides a good approximation for the calcula-

tion of the shell correction term at proton energies below ti 1.0 

MeV for light and heavy absorbers and at higher energies for heavy 

ones. 

For proton energies higher than 8 MeV Barkas and Berger 

(Reference 18) approximated c/Z analytically by a polynomial of n, 

where 

n 
1 - p 

and Cadj(Iln-2) = A(n-2)*I:dj  + B(n-2)*I:dj  

-2. 	t -2N Akn ) and Bkn I have the same form with the asymptotic expressions 

2 	. -N c 
derived by Walske, fkn ) = E 2 , andthecoefficientsc.are i n  

(3.25) 



- 273 - 

determined by a least square fitting to smoothed experimental range 

data. Thus: 

- 2.) 	1 Cadj(I,n 	= k0.422377n + 0.0304043n-4  - 0.0003816n-6)*10-6I2  + adj 

- 	3 + (3.858019n - 0.1667989n-4  + 0.00157955n
6 
 )*10

-9  :I- adj 

This formula is valid for n > 0.13, corresponding to a proton 

energy of 8 MeV or to p < 0.12976. In that region their results 

are in good agreement with those of Bichsel and Turner (within i%). 

3.3 Mean Ionization Potential (I) 

The principal parameter in the theoretical evaluations of 

stopping power for each stopping medium is the 'mean ionization 

potential' of its atoms, also referred to as the 'average excitation 

energy', or the 'effective ionization potential'. 

It is defined as the logarithmic mean over the excitation energies 

n, i.e. the energy transfer to atomic electrons through an inelastic 

collision with the incident particle, weighted by the optical dipole 

oscillator strengths for excitation to level n, as shown in the 

following equation:- 

In I = E fn ln E n 

Therefore, I is expressed in energy units usually eV. The mean 

ionization potential is treated as a property of the stopping material 

2222., being independent of the velocity and other characteristics of 

the particle. The most important excitation energies, En, lie in the 

(3.31) 
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range 100 eV to 1 keV, over which the oscillator strengths are 

poorly known. For this reason attempts to calculate I theoretically 

have been made only for the lightest elements (Hi He, Li, Be) 

giving results in agreement with experiments within their estimated 

errors which are approximately 5%. For the remaining elements one 

has to rely solely on stopping powers and/or range experiments. 

The experiments to be used for the determination of I should 

have been carried out at particle velocities less than 0.87.c, so 

that the density effect correction term in equation 3.11 can be 

ignored, leaving only the quantity In I + c/Z to be determined from 

a stopping power measurement. 

To overcome this problem it has been suggested (Williamson G.F.) 

to introduce a new parameter I' related to I and c/Z through: 

In I' = in I + c/Z 

There are two serious arguments against this: 

(a) I' would depend on both stopping medium and particle (charge 

and velocity). 

(b) The dependence of I' upon particle velocity would not be 

a single one. 

For these reasons shell corrections are kept explicitly introduced, 

as c/Z, and I is evaluated from stopping power measurements at higher 

energies where shell corrections are smaller. Nevertheless, they 

should not be completely ignored, because then we find different 

values for I from experiments carried out at low energies (10-•20 MeV) 

and at high'energies (300-700 MeV). 
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Another point relating to shell corrections in the determina-

tion of I from experimental dL/dx measurements is the value of c/Z 

as p + 1. As mentioned in Section 3.2 the shell corrections at 

the limit v = c assume a non-zero value. In some cases shell 

corrections were calculated with the assumption that e/Z vanishes 

at the limit. Using these shell corrections I values are found, 

called the adjusted values, relating to the proper ones by:- 

I
adj = I cx10(e/Z)0.1  

The numerical differences between Iadj  and I are of little 

practical importance except for the heaviest elements. They are 0 

up to Z = 19, 0.5% at Z = 29, 5% at Z = 82. 

Unfortunately, reliable experimental information does not 

exist but for a limited number of materials, so that interpolation 

and semi-empirical formulae are used for the remaining elements. 

Furthermore, the fact that I enters the stopping power formula as 

ln-1 I makes small changes in the measured Wdx value to contribute 

big differences in the value of I (on the other hand uncertainties 

for d4/dx, decreasing with Z and exhibiting a strong energy 

dependence in the low energy region (proton energy of a few MeV) 

where they are higher, e.g. for Al a 10% uncertainty in I leads to 

a 2.5% uncertainty in dE/dx for 4 MeV protons, and to 4 for 1 MeV 

protons). 

The element for which the most reliable information is available 

is Al for which fairly accurate stopping power and range measurements 

have been made, with protons of energy higher than 1.4 MeV. The 

accepted value of I for Al is 163 1 eV. This value is made an 
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anchor point for any systematic study of I across the periodic 

table. 

The biggest uncertainties exist for light elements (Z < 13), 

since different values of I have been found from experiments with 

the same element, depending upop the chemical state of the element 

in the stopping medium. The values of I for heavier elements 

(Z > 13) exhibit a smooth variation with Z permitting interpolation 

to be carried out, with good accuracy. 

Table T3.31 shows (in column 1) current estimates of I for a 

selected set of materials taken from Reference 1, while in column 2 

recommended I values from a systematic study of the variation of I/Z 

across the whole periodic system (Reference 19), and the values in 

parentheses are Iadj. For elements heavier than Al, Sternheimer 

(Reference 20) has calculated a 'best smooth curve' fitting the 

graph Iadj/Z vs. Z of Reference 19. This is:- 

Iadj/Z = 9.76 + 58.8Z
-1.19 eV 

	
Z > 13 	 (3.32) 

and results using thi formula are shown in column 3. Also in 

column 3 are shown Iadj  values for Z < 13 derived from a linear 

relation given by Barkas, Reference 18. 

'add/Z = 12 + 7/Z 
	

Z < 13 	(3.33) 

Since for light elements there is no practical difference between I 

andIadj' equation 3.33 also gives IF. 

F  In Reference 21 the following approximation formula is given: 

I = Z(10 + 5e-4/17) eV, which for elements with Z< 13 agrees 
with Barkas' formula within 1 eV except for H and He. 
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In fact, such linear relations have been used in the past 

following the theoretical studies of Bloch on I, based on the 

Thomas-Fermi model. He concluded that I is proportional to Z with 

the ration I/Z empirically determined ti  10. This proportionality 

relation between I and Z is a good approximation for some heave 

materials but even at Z ti  15 considerable deviations exist which 

cannot be wholly attributed to errors in the shell orrection term 

since there is a systematic increase in I/Z with decreasing Z, 

attaining values greater than 15 eV in the lightest elements (H, He). 

This change in I/Z can be explained from the fact that the departure 

from the Thomas-Fermi model is more predominant the lower the atomic 

number of the element. 

Table T3.32 gives recommended Iaal  values for mixtures and 

compounds. 

From the previous discussion on I, it is evident that for 

heavy elements (Z > 13), our knowledge of I is accurate to a few 

per cent, while there is a scatter in the values given for lighter 

elements. Formnately, for stopping power calculations the 

numerical change in dWdx for a change in the value of I is not 

significant because of the logarithm in the stopping power 

formula. 
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TABLE T3.31  

Iadj(eV)  

(3) Medium 

He 

Li 

Be 

C 

N 

0 

F 

Ne 

Na 

Mg 

Al 

Ar 

Fe 

Cu 

Kr 

Ag 

Au 

Pb 

U  

1 	atomic 

mol. 

in comp. 

2 

3 

4 

6 	graph 
in comp. 

7 	mol. 
in comp. 

mol. 
in comp. 

10 

11 

12 

13 

18 

26 

29 

36 

47 

79 

82 

92 

Y (eV) 

(1) 
15.0 

theor. 
(18.3 + 3.6 
15-18 ± 

(43 „pi- 3 
(41.8 theor. 

009 38  
05, 38.8 theor. 

(64 
(60, 66 theor. 

81 
77-80 

88 
79-102 

101 
91-101 

163 

190 

273 

315 

36o 

471 
761 

788 

872 

8 

9 

(2) 

19 

32 

46.2 

60 

85 

98 

100.8 

163 

210 

284 

312 (314) 

378 

48o (487) 

774 

796 (827) 

877 (c,22) 

31 

43 

55 

79 

91 

103 

115 

127 

139 

151 

163 

209.6 

285.4 

314 

381.1 

496.6 

796.7 

825.8 

922.8 

19 
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3.4 Density Correction (6) 

The stopping theories of Bohr and Bethe considered the effect 

of each atom on the moving particle independent of the presence of 

other atoms. Therefore, they give accurate results only for low 

density gases, regarded as small assemblies of independent mole- 

cules. For solid and liquid stopping media, where large atom 

densities result in high electron densities, many electrons 

interact simultaneously with the particle and also with one another 

through emission and reabsorption of protons. 

This 'density effect' problem was first considered by Fermi 

and later Fano bridged the gap between the Bethe and Fermi theories, 

through a single macroscopic parameter, the dielectric constant 

of the material. From the theoretical analysis, for the derivation 

of this correction term, is shown that, 6  differs from zero only 

at high particle energies, and generally is taken into consideration 

only when v > 0.71•c (e.g. for protons 6= 0 for Ep  < 600 NeV).F  

Sternheimer has carried out most detailed and systematic 

studies on 6, References 22 and 23, and has found it both adequate 

and convenient to represent 6 by the following analytical expressions:- 

n2 	a2 
= X 	1 log ^-4--- = 0.217145 In lo - p2 	1 - 2 

= 0 	 for X < Xo 

= 4.605 C + a(X, - X)m 	for Xo 
< X < 

= 4.605 c 	 for X > X 1 

F  In fact, 6  = 0 for p < VE where EiS the static dielectric 
constant of the medium. 
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where, X0, X1, C, a, m are parameters depending on the stopping 

medium, through its dielectric constant and its mean excitation 

potential. C is given by the following relation: 

C = 2 In (I/hwp) + 1 

where, hw = (4th2e2NZ/M)1  = 29(PWA)1  eV 

with 	w the plasma frequency of the stopping medium 

p is the stopping medium density in g/cm2  

For a set of elements, the values of the parameters a,-m, X1, Xo 

together with the I values Sternheimer used to calculate them are 

given in Table T3.41. 

TABLE T3.41  

Z I(eV) a m Xo  X1  

4 64 0.4130 2.82 -0.10 2.0 

13 164 0.0906 3.51 0.05 3.0 

29 315 0.1070 3.39 0.17 3.o 

323 0.1090 3.39 0.20 3.0 

47 475 0.1830 3.05 0.02 3.0 

82 805 0.3440 2.66 0.39 3.0 

826 0.3550 2.64 0.40 3.0 

92 894 0.3180 2.66 0.20 3.0 

He further recommends that whenever a different value for I 

than those given above is used, the corresponding value of 6 for 

a given particle energy can be calculated by:.. 
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a6 + (1 - 	 S2  

a = ln(I2/I)/In(I2/I1) 

where 6l' 62 are the density correction values corresponding to 

I
1 

and 1
2 respectively. 

Application of Sternheimer's equation to calculate (5 for 

materials not listed above would be lengthy. Also, in the case of 

mixtures or compounds, the density effect depends upon the electron 

configuration and density of each constituent element in such a 

manner that addivity does not hold. 

To overcome these difficulties an approximation can be made by 

extending the validity of the asymptotic form of Sternheimer's 

equation to x > xo  (Reference 24). This approximation gives S as 

a function of the particle velocity, the electron density of the 

material and its mean ionization potential:- 

2 
= ln(a*N* 	- 1 

1 - 13 

where, a = he2/nm
e 

The use of this approximation leads to an overestimation of the 

stopping power of up to 6% (for Pb) and underestimation of the range 

up to 4% (in the area of GeV). 

4.1 Stopping Power at Low Particle Energies 

As mentioned in Section 2.1 at low velocities positive ions pick 

up and lose electrons, their charge being reduced on the average and 

becoming velocity dependent. The stopping power formula 3.11 can still 
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be used if the average effective charge z* is used instead of z. 

The critical parameter for the determination of z*/z is the 

ratio v/ve
, where v is the particle velocity and ve 

the electron 

orbital velocity. While initially the capture probability is high 

for k orbital electrons, as the ion velocity decreases the ion 

captures more electrons so that the average orbital electron 

velocity, as predicted by the Thomas-Fermi model, is used in the 

ratio which thus become v/v
e = 137p/z2/3. 

Einpirical curves of z*/z vs p/z2/3 based on experimental 

results of the charge distribution of N, 0 and Ne ions up to 

2 MeV/nucleon, Reference 25, showed that a unique locus is defined 

independent of the stopping medium or the ion charge. Similar 

results have been obtained from studies in emulsions by Barkas, 

who provides an analytical expression fitted to the universal 

curve: 

e/Z = 1 - e-125132-2/3 

(A similar expression given in Reference 17, gives elz values in 

agreement with equation 4.11 within 1%.) The accuracy of equation 

4.11 for substances other than emulsions is 5%. Experimental 

evidence suggests that charge reduction should be taken into account 

when the ratio p/z2"3  becomes smaller than a value between 0.04 and 

0.07, corresponding to v/ve  being of the order 5.8 to 9.6. In fact, 

from equation 4.11 we can calculate that the error in using z2 

instead of (z*)2  in the region 0.04z2(3  < p < 0.07zg/3  is smal]er 

than 1.3%. 

(4.11) 
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As the particle is further slowed down, the neutralization 

of the ion proceeds more rapidly, and there is a change in the 

energy loss mechanism. Electronic stopping becomes proportional 

to the ion velocity and is rapidly decreasing while energy transfer 

to the screened nuclei of the medium, 'nuclear stopping', starts 

contributing in the energy loss. 

Lindhard and his co-workers, Reference 26, derived 

theoretically on the basis of a Thomas-Fermi model, that: 

(a) Electronic stopping has a maximum value for 

e2  a/3 za/3  pi  - 	137-= 0.007322/3 

(b) For velocities p < pi, electronic stopping is proportional to 

the particle velocity through a universal dimensionless parameter 

defined as:- 

E= 32.63*103*E* zZ(m +M  M) 	(E measured in MeV) 

with 	S = z2/3  + 2/3  

and 	S
e 
= kl,G7MeV/(g/cm2) 

M) 3/2  x/ with 	k = 0.0793 *z2/6  * 15E*M* (a-==) • S̀ 3/4  
mm 

For 'nuclear stopping' the energy transfer through the quasi 

elastic collisions between the moving particle and the atoms of the 

stopping medium has been studied, References 27 and 28, by applica-

tion of the biatomic repulsive potential computed by Firsor. 

Although the calculation has to be carried out numerically 

analytical fittings exist, giving: 

(4.12) 

(4.13) 
(4.14) 

(4.15) 
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ln  
Sn  = 2.78316*103  zin 	1 	 (4.16) 

1477-Mel 	-1 
1  

01 (1 - 0.9988 e -1.5391) 

On  measured in Melf/(gm/cm2)) 

Experimental results have verified this linear dependence of 

electronic stopping with particle velocity. For measurements of 

protons in Ti, Ni, Ge, Fe, Ag, Reference 32, has been deduced that 

linearity exists for 0.0027 < p < 0.0057 (at lower velocities the 

linearity being disturbed due to nuclear collisions). Taking into 

account results for lighter stopping media an upper limit at 

p = 0.0046z1/3  is set, below which linearity is accepted. 

The constant k, given by equation 4.15 is a slowly varying 

function of z and Z, of the order of 0.1 to 0.2 and only if z << Z 

becomes > 1. Computing k from experimental results it is found 

that k deviates from the theoretically predicted value especially 

for light particles (z < 20), which is expected considering the 

inadequacy of a Thomas Fermi model for light elements. 

5.0 Range of a Particle  

The 'range' of an energetic particle in a certain stopping 

medium is the distance the particle travels in the medium before 

brought to rest. In spite of this generally accepted understanding 

the precise definition of the term has been made in a number of 

different non-equivalent ways. Furthermore, for the reasons 

mentioned below, none of the range definitions is completely 

accurate:- 
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(a) Energetic particle slowed down in matter do not travel in 

a straight line. 

(b) Because of the stochastic nature
(F) of the slowing down 

process monoenergetic particles do not come to rest after 

traversing the same distance ('range straggling'). 

(c) The particle should be brought to rest in the stopping medium 

through the energy loss process and not by nuclear reactions 

(which have appreciable cross-sections at high particle 

energies). 

(d) The definition of 'rest condition' for a particle is not an 

absolute one. 

For these reasons great care is required for the interpretation 

of experimental range measurements. Of great help, are experiments 

carried out in bubble and cloud chambers as well as emulsions, where 

the path followed by the particle can be observed visually. The 

physical definition of range becomes .'the average path length of 

many monoenergetic particles experiencing a slowing down due to 

electronic interactions'. 	A theoretical evaluation of mean path 

length can be made through the mean rate of energy loss, giving: 

0 

R(Eo)  = 
	- ds  aE  > -1  dE 
	

(5.01) 

E  

In effect there is a difference between the actual range 

definition and the one calculated by equation 5.01, because the 

slowing down of a particle is a step process and not a continuous 

slowing down through electronic interactions is a two-fold stochastic 
process: (a) The number of 'collisions' experienced by the particle 
is a statistical phenomenon; (b) The energy transferred per 
collision is also a statistical phenomenon. 
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one as supposed in equation 5.01. For protons this leads to a 

maximum difference of less than 0.2%, (Reference 18). For that 

reason the range value computed by equation 5.01 is known as the 

'continuous slowing down approximation' range, abbreviated a..s 

1csda range'. 

To avoid the increase in the uncertainty of theoretical 

calculations of dWds at low particle energies the integral in 

5.01 is split into two: 

E1 	0 
dE -1 	-1 

f 
. 	R(E0) = 	< - c-f; > 	dE + 	< - 2 > 	dE = 

Eo 	E1 

Ei 
.3.,„ 	-1 

jr.  < - " > dE + R(El) (5.02) 

with R(E1) estimated from experimental data. Since the expression 

for < ds 
dE > 1  equation 3.11, cannot be integrated analytically 

one resorts either to numerical integration or to semi-empirical 

formulae, based on the fact that a plot of 1nR vs lnE exhibits only 

a small curvature permitting linear fitting over appreciable parts 

of the energy interval. Thus expressions of the form: 

In R = In a + b In E 

R = aEb 

can be used to fit experimental values. 

Fora given material, a depends on the particle type, while b 

shows a small ( < 5%) variation. For different materials, b lies 

(5.03) 
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between 1 and 2. 

Equation 5.03 implies that, for a given stopping medium there 

is a smooth range-energy curve. Furthermore, if we define the range 

in units of electrons per cm2, by multiplying the range expressed 

in cm by NZ, and plot for a given particle (e.g. proton) energy the 

resulting experimental range values vs Z, we see that a smooth curve 

is defined for similar elements showing a systematic variation of 

range with Z. Barkas and Berger, Reference 18, translated the x-axis 

in Iadj  values and found that when correct values of Iadj  were used the 

curves were almost coinciding. This led them to search for a formula 

giving the range, in electrons per cm2, as a function of Iadj and 

the particle velocity. They achieved it by simultaneous least 

s uares fitting to systematically smoothed experimental range and 

stopping pcwer data, covering the proton energy range 1 to 8 MeV, 

for a number of stopping media with Z from 1 to 82. The formula 

they derived is: 

2 	2 
N In X = In— A + 	4E) ' (log Iadj)m(log T) 
n 

Z   
n=0 m=0 

(. is the range in electrons per cm2) 

with the coefficient values of Table T.5.01. Their results are in 

very good agreement ( < 1%) with experimental data. 

T.5.01 

Coefficients amn  in equation 5.04 

(Reference 18) 

0 	. 1 2 

0 

1 

2 

-7.5265*10-1  

7.3736*10-2  

4.0556 *l0-2  

2.5398 

-3.1200*10-1  

1.866410-2  

- -2.4598*10 1 

1.1548*10-1  

-9.9661 *10-3  

(5.04) 
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6.0 Scaling  of Stoppin Power and Range_  

From the stopping power formula derived by Bethe's theory, 

equation 3.11, we see that the stopping power depends: 

(a) upon the square of the velocity of the particle 

(b) upon the square of the particle charge. 

Thus, for a given stopping medium, different particles with the 

same velocity have stopping powers proportional to the square of 

their effective charges. This permits scaling for any particle to 

be carried out from the measured or calculated value for a proton 

with the same velocity, in that medium: 

n2z*2  
= 
	S

P
2 
  

ij 

	

z 
*2 	pj 

where i refers to the particle 

j refers to the stopping medium 

(if p > 0.7z2/3, then z* = Z) 

Similarly, for the 'csda' range from equations 5.01 and 6.01, 

we find: 

,,2 m. m 2 
R. = (--1-'/--2) RP 
ij 2 2 pj 

	

z. 	z 
i p 

In equation 6.01, the gradual neutralization of the moving 

particle at low velocities is readily taken into account by use of 

the effective particle charge which is a function of the particle 

velocity, instead of its full charge (zi). The reduced ion charge 

at low energies and the subsequent reduction in the rate of energy 

loss result to an extension for the range of a particle heavier than 

(6.01) 

(6.02) 
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a proton above the value given by the scaling formula 6.02. To 

account for this fact theoretically, the particle range should be 

scaled from that of an 'ideal' proton, (i.e. a particle of protonic 

mass and charge, but which does not lose electrons) with the 

addition of an extension term, as follows: 

2 	2 
Rt°  = (mi/zi2)*!-- * I RRd  + Sz.  (n)] 

a. 
(6.03) 

where 	Pp 
z.
2 	

dR, 
B
z.
(p) = .1.  (-2-- - 1) * 	B

id  dp 
1 z? 	dp 1 o 

From experimental results on emulsions bombarded with light 

particles and theoretical considerations, Barkas, Reference 18, 

derived the following expressions for Bz  : 

Bz. (Iadj 	ad .0) = (48.o + 5.815/) .4 * 10 -5  z 	p 5/3 	g/cm2 
j 	

.  

valid for p < 2Z/137 

-6 8/3 Bz. (Iadj) = (7.0 + 0.851
5/8) A 	 g/cm2 adj Z 1° zi 

valid for z > 0 and t3 > 2Z/137. 

7.0 Stopping Power and Range in Mixtures and Compounds  

Stopping powers in mixtures and compounds are calculated on the 

basis of Bragg's additivity rule. According to it the atoms for a 

material act independently from one another and independent of molecular 



	

Z 	Z. 
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binding forces, for the 8-topping power process. 

When electronic stopping takes place, the energy loss experienced 

by a particle in a composite medium, equals the sum of the losses due 

to the constituent elements considered separately, weighted by the 

fraction of the electron density contributed by each constituent. 

Alternatively, the additivity rule is used to calculate effective 

values for the composite medium for the parameters of the stopping 

power formula which depend upon the medium. Thus, if constituent i 

withatomicnumber&and mass in amu A. contributes n. atoms in the 1 1 

molecule of a compound containing m elements and having density p gq/cm3, 

then: 

N. = 
n.
1 	n. p 	 rl .N 

1.6604'10-24 	r 
:!: n3..AI  . 	3. n.A. 
i=1 	i=1 

(7.01) 

(7.02) 

 

N.Z.1lnI . 

 

n.Z.lnI . 1 i 

    

in I' 

   

1=1' 

  

(7.03) 

 

m 

     

         

         

 

N.Z. 
1 

  

n. A. 

  

1=1 

 

 

. izi(c/z)i 	n.z.(q/z)i  
L=1  

m 

 

C 
z 

i=1 (7.04) 

N1 Z1 
i=1 	i=1 
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The validity of the additivity rule and the weighting used in 

the previous equations, can be explained since most of the atomic 

electrons are uneffected by chemical and intermolecular forces. 

These forces influence only the valence electrons of the atom 

causing them to act differently than if they (i.e. the forces) 

were not present. For that reason, when the proportion of valence 

electrons is large, as for the light elements, the change in 

stopping power may be appreciable and for such cases results using  

Bragg's law are more inaccurate. At low particle energies, the 

contribution from inner shell electrons is reduced, thus the 

relative effectiveness of valence electrons increases so that 

Bragg's rule is expected to give less accurate results, for that 

case as well. 

Experimental studies on the validity of Bragg's rule are 

concentrated on the accuracy of Y. The most extensive studies 

have been made for air and emulsion. For air, the current estimate 

for I is 85 eV, in good agreement with experimental results using  

proton and alpha particles, while'an evaluation of Y. through equation 

7.02 gives 84.2 eV. In emulsions, Ilford G5, the experimentally 

determined I value is 328 eV, while the additivity rule gives 300 eV. 

Also experiments for a variety of organic compounds by Thompson and 

in a number of gaseous compounds, showed an underestimation of I 

calculated by Bragg's rule, which can be explained by the molecular 

binding effects mentioned earlier. 

Therefore, when available, it is preferable to use an experi-

mentally derived I, otherwise Bragg's rulc should be used which is 

expected to give an accuracy better than 2% for light elements at 
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particle energies corresponding to p
2 

> 137z, while for heavier 

elements better accuracy is expected. 

For ranges it has also been found, Reference 18, that the 

formula: 

m 	
f. 

R
1 V.% i 

= Ld R. 
1=1 1  

where fi  is the fractional weight for the ith component, although 

not rigorously derivable is very accurate. 

8.0 Calculation of Stopping Powers and Ranges  

Sections 2.0 to 7.0 described the principles of the stopping 

power theory and the theoretical and semi—empirical efforts for a 

qualitative and quantitative understanding of it. 

From this discussion the following conclusions are drawn: 

(a) No single theory is adequate for the whole of the energy 

range, extending from eV to thousand MeV. 

(b) Bethels theory with corrections (shell corrections, density 

effect corrections, relativistic corrections) gives very Good 

accuracy down to proton energies of a few MeV, if correct and 

consistent values for the mean ionization potential and shell 

corrections are used. 

(c) At lower energies the situation becomes more complicated since 

shell corrections become higher in value (absolute value) and 

the ion charge starts fluctuating. Bethets formula can still 

(7.04) 
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be used down to a few hundred keV if an effective charge  

value is used which is a function of the particle velocity. 

(d) It should be noted that as a result of Bethe's theory, 

wherever it is applicable, stopping powers for different 

particles can be scaled from those of the proton having 

the same velocity. 

(e) Up to now stopping is essentially electronic, adequately 

described by Bethe's theory. At particle velocities smaller 

than 'Is 0.27za/3 electronic as well as nuclear stopping are 

taking place. The theory for electronic stopping as given 

by Lindhard, Scharff and Schiott predicts correctly the 

linear variation of electronic stopping with the square root 

of particle energy but not its slope (p < 0.0046zal3). 

The formulae for nuclear stopping, derived independently, by 

Schiott and Biersack agree with experimental results for range 

within the experimental errors (e' 10-15%). 

(f) A general, very useful conclusion is that experimental results 

for a given particle velocity show a systematic variation with 

the stopping medium atomic number which permits a systematic 

study to be made for the determination of a universal stopping 

power relation from selected experimental information. 

Following the above conclusions as guidelines, a computer 

program (CELAR) was written to calculate stopping power and ranges 

for different particles and materials. For equivalent proton energies 

of 1 MeV or higher the formulae of Barkas and Berger were used since 

they offer both analytical simplicity and accuracy of 1% compared 
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with experimental results and other systematic stopping power 

studies (ICRU, Northcliffe). It is found preferable to use their 

semi-empirical formula for proton energies between 1 and 7 MeV 

instead of Bethe's formula to avoid inaccuracies due to high shell 

corrections and charge reduction. At lower particle energies, 

electronic and nuclear stopping are taken into account. 

Initially it was thought more appropriate to define the limit 

for electronic stopping to become proportional to the particle 

velocityp as a function of both particle and stopping medium. Thus 

a-limiting value was set for c . This was found to give unsatisfactory 

results for the rate of energy loss. Solving equation 4.12 for E 

and then computing the corresponding particle relative velocity p 

we find that given a value of E and a certain particle, p exhibits 

a wide variation with the stopping medium. Thus, setting a value 

for e is bound to overestimate or underestimate the limit on p 

set by the nature of the particle. 

Thus, finally, a limit was set for p below which (p < 0.0046z2/3) 

formula 4.14 was used for electronic stopping. The value of k was 

computed by the value of (dE/ds) at the limit. 

For mixtures and compounds Bragg's additivity rule is used as 

described in Section 7.0. Attention should be drawn if both 

electronic and nuclear stopping are considered. Electronic stopping 

for each constituent element should be still weighted by the 

contribution of this element to the electron density of the medium, 

but nuclear stopping should be weighted by the fraction of the 

medium density contributed by the element (i.e. (W ) = 
ni  niAil•Ci!iAi)' 
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The range of protons with energy 1 MeV or more is computed 

by the semi-empirical formulae of Barkas and Berger, Reference 18, 

which also offer simplicity and accuracy. For other particles for 

which the equivalent proton energy 3s higher than 1 MeV, the range 

is calculated from the range of the 'ideal' proton with the same 

velocity (see Section 6.0), properly scaled after adding the range 

extension factor to account for charge reduction at lower energies. 

For lower energies the range is calculated from the stopping 

power by numerical integration according to Simpson's rule: 

R(E) 4.  2 AE ( 1 	+ 	
4 	1  R(E + 24E) 6 `1117.  S(E +4E) + (S(E + 3AE))  

Results obtained with this program compared with experimental 

or other theoretical evaluations are shown in the accompanying 

figures. 

Another problem facing the experimenter very often is the 

energy lost by a particle travelling through a material. Mathematically 

this could be expressed as: 

AE = Ei  - Ef  = f (a) dx 
0 

(8.01) 

where d is the material thickness. 

Analytical integration of even the simplest type of stopping 

power formula, i.e. Bethe's formula without the corrections, leads to 

complicated non-practical functions*, thus two methods can be followed: 

(a) To consider the energy loss as a step process and evaluate the 

integral as a Sum approximation by considering narrow depths Ax 

for which the energy loss is assumed constant. 

M.11■1■11=••11•■ 

* after a change of variables we have to evaluate an integral of the form 
00 

(e2t/t)d' = In t + Sum 2ntn/n:n 
1 
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(b) To calculate the particle range in the medium at the initial 

particle energy. After subtracting from this the depth 

traversed by the particle it will be left with a residual 

range corresponding to the final particle energy. If this 

residual range is higher than that corresponding to an 

energy mr0/1.0078 MeV (i.e. the equivalent to a proton energy 

of 1 MeV) Barkas formula for the proton range can be used, 

after dividing the residual range by (z2/m120)1.0078 and 

subtracting the range extension. This formula is a second 

order equation for In E and can be readily solved to give In E E 

and then the particle energy E = E/1.007841m . 

If the residual range is smaller than that corresponding 

to mr0/1.0078 MeV, the final energy can be calculated by 

interpolation (using Maclaurin's formula and the relation 

d/dE = (dE/dX)-1  = S-1(E) we find if RI = R0  + AR 

AR 	(AR)2 	63(E(R ) 
E(R0  + AR) = E(R ) + 	

o  ). 
o  o S(E(R ) 	3 E  R 	dE 

S 	)) 
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Table T7.01  

Input List for program CELAR  

(Calculation of Energy Loss And Range) 

Variable 	Format 	Description 

NPART 	14 	Number of charged particles to be 

considered. 

NMAT 	14 	Number of stopping materials to be 

considered. 

NPE 	14 	Number of energy points to be given 

or created. The output will be given 

for every second energy point. 

For I = 1, NMAT 	the following data should be given 

NCASE 14 

Am(i),zm(i) 2E15.6 

AMP,ZMP,AN 3E15.6 

= 1 if stopping medium I is elemental 
= n if stopping medium I is composite 

containing n elements. 

Required only if NCASE = 1, atomic mass 

in amu and atomic number of stopping 

- medium I. 

Required only if NCASE / 1. 

One card for each of the n elements 

contained in stopping medium I, giving 

its atomic mass in amu, atomic number 

and number of atoms contained in one 

molecule of medium i(see equation 7.01) 

---- End of stopping media data. 
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Table T7.01 (contd.)  

Variable 	Format 	Description  

INDI 	14 	= 2 If output is required in MeV/cm 

and cm for stopping power and range 

respectively 

/ 2 output will be in MeV/(gm/cm2) 

and (gm/cm2) respectively. 

DOM(K), 	4E15.8 	To be given only if INDI = 2. The 
K=1,NMAT 	densities of the stopping media 

considered. 

NCASE 

NCASE2 

14 	= 1 Input particle energies are in 

MeV/amu 

= 2 Input particle energies in MeV 

14 	= 1 Individual particle energies to 

be generated by the program on an 

equal lethargy basis, between max 

and min to be given (NPE points 

including max  and  min, 
 NPE 1). 

m 

= 2 Energy points to be read in as data. 

EMIN,EMAX 	2E15.6 	To be given only if NCASE2 = 1. Minimum 

and maximum energies in MeV/amu or 

MeV according to NCASE 

E(L),L=1,NPE 	4E15.8 	To be given only if NCASE2 = 2. 

Individual energy points (units as 

above). 
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Appendix C  

The Unfolding Method 

If in equation (4.3.6), P(S1-9S) is substituted by P(S,-+S..1) 
311 

over the interval S.4- S. + M, this equation becomes: 

S ax-Q  .m 
I).
3 
 = w fP(V 	

3
-+S.

1
4).4(SI-Q). Z(S'-Q)• €(S'-Q) dSt 

S -Q min  

(1) 

which is a nonsingular Fredholm equation of the first kind. The 

problems associated with the adequate solution of the Fredholm 

equation and its matrix equivalent 

D = P 	 (2) 

have been considered by Gold, Ref. (72), and it is shown, Ref. (71) 

that an appropriate solution can be obtained by a particular iterative 

method. The term "appropriate" defines a solution that not only 

satisfies the Fredholm equation considered but also all requirements 

relevant to the physical interpretation of the unknown vector. In 

the present case the requirements imposed on 4 is (a) to be positive 

and (b) to be a smooth function of energy. 

Under the initial conditions: 

(a) D to be a nonnegative vector, (b) P to be a nonnegative matrix, 

nonsingular, with all elements of its principal diagonal positive, 

(c) e to be a positive vector. which are all satisfied for the 

detection system considered here, an "appropriate" solution of 

equation (2) exists within the infinite set (r) of vectors which 



- 313 - 

satisfy eq. (2) within the experimental error of D. 

This "appropriate" solution is determined by an interative 

method which generates successive "appropriate" vectors which 

converge to the "appropriate" solution. The particular technique 

employed here was developed by Gold, Ref. (71) and was applied as 

in Ref. (73). 

The input vector D is taken as the zero-order approximation 4), 

(o) = D 	 (3) 

and each iteration is derived from the previous one according to 

the following equations: 

(k) D 	= P.0(k)  

u 41(k+1)_ ...(k+1) D -  

where C is a diagonal matrix ath elements: 

c 	= (k+1) 	(k)/131 (k) 0.  
11 (c) 

In order to reduce statistical oscillations a degree of 

smoothing is introduced in the solution vector at each step prior 

to the derivation of the elements of matrix C. 

An arresting condition is imposed on the norm of the residual 

input vector, expressed as a x2 test: 

(k)N2 n 	(D. - D.1. 	) 2  x = Sum - 
i=1 	D. 

The iterations are stopped either when x2  is minimised or when it reaches 

a boundary value which is set according to the experimental error. 
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Improvements in differential cross section data are required in order that important parameters, such as reactivity, may be 
predicted with sufficient accuracy for fast breeder reactors. This often necessitates the accurate measurement of neutron spectra 
and integral reaction rates in zero energy fast reactors in order to check the differential data and adjust it if required. The use 
of the lithium-6 semiconductor detector for neutron spectrum measurements is discussed, with details of the technique such as 
the triton unfolding and the dependence on the angular cross section of 6Li. Spectrum measurements have been made in the 
fast neutron spectrum generator NISUS and the results have been compared with calculations using the discrete ordinate code 
ANISN. The 6Li results are also compared with results obtained from proton recoil spectrometer measurements. The comparisons 
show that the 6Li technique gives good agreement with theory in the energy range 500 keV-7 MeV. In this energy region, the 
6Li technique is based on the sum method of adding alpha and triton energies. A small discrepancy was observed at an energy 
of 2 MeV which is thought to be due to possible errors in the uranium-238 inelastic scattering cross section data. The 6Li 
results below 500 keV which were obtained by the triton unfolding method are not in such good agreement with theory as the 
proton recoil results, the discrepancies being largest at low energies (10 keV). 

Spectrum measurements in the fast neutron spectrum 
standard NISUS with lithium-6 sandwich spectrometers 

G. Koutzoukos, BSc, MSc, DIC * 

C. B. Besant, BSc(Eng), DIC, PhD, MIMechE * 

The measurement of neutron spectra in zero energy fast 
reactors such as ZEBRA' is particularly important due to un-
certainties in differential cross section data. The target 
accuracy for these spectrum measurements is high, in order 
that the results can be used, in conjunction with accurate 
integral reaction rate measurements, for the adjustment of 
differential cross sections. 

There are few spectrometers which can be used in a fast 
reactor core for measurements in the energy range 100 keV 
up to 6 MeV. One of the most promising detectors is the 
lithium-6 semiconductor sandwich spectrometer which has 
been used in various laboratories.2,3  Some of the problems 
associated with the 6Li spectrometer, such as uncertainty 
in the 6Li (n, a) cross section and the method of background 
subtraction, have been overcome to some extent by 
Rickard.' Furthermore, Rickard has extended the energy 
range of measurements down to 10 keV using the triton 
analysis technique. 

The measurements reported here were made in Ntsus,4  a 
fast neutron standard, using a 6Li spectrometer similar to 
that used by Rickard. The spectrum in Nous is similar to 
that in a fast breeder reactor and it has been well defined by 
other experimental methods, such as the proton recoil 
spectrometer' technique and by theoretical methods using 
ANISN.6  The main purpose of these experiments was to test 
the validity of using the 6Li spectrometer over a wide energy 
range (10 keV-6 MeV). 

EXPERIMENTAL ARRANGEMENT 
Two pairs of detectors (neutron, background) of the type 
described by Rickard' were employed. The neutron detectors 
of both pairs had a 40 µg/cm' lithium fluoride neutron-
sensitive layer. 

Measurements were carried out with the first pair at 
integrated fast fluxes of 3 x 107  n/cm' s and 6 x 10" n/cm' s 

* Imperial College of Science & Technology, Department of Mechanical 
Engineering. 

(30 kW and 60 kW reactor power) and with the second pair 
at 107  nicm2  s and 3 x 107  n/cm2  s (10 and 30 kW). 

The spectrometers were positioned in the centre of the 
NISUS assembly and each spectrum measurement consisted 
of two separate runs, one with a neutron spectrometer 
having one diode coated with 6LiF, the other to measure the 
coincidence counts arising from neutron reactions in the 
silicon diodes, using a spectrometer with no 6LiF coating. 

The presence of a boron carbide shell in NISUS eliminated 
the problem of discriminating against thermal neutrons. 

The electronic system employed in the measurements was 
similar to that described by Rickard.' The main features of 
this system were 

(a) fast coincidence timing (resolving time 100 ns) 
(b) a pile-up rejection circuit to reduce pile-up from 

Compton electrons in silicon with pulses from the 
6Li (n, ce)t reaction 

(c) a direct current (d.c.) base line restoration system to 
reduce base line shift produced by high counting rates 
in the presence of y-fluxes. 

Electronic noise was greatly reduced by employing an in-
core preamplifier, thus removing the need for long connect-
ing cables from the detector. Single delay-line pulse shaping, 
accompanied by one integrating resistance-capacitance (RC) 
stage, was employed in the main amplifiers to give very fast 
rising, fixed width pulses. 

Two multi-channel analysers (MCAs) were employed, one 
to register the sum counts (Ea  + Et) distribution from the two 
diodes and the other for the counts distribution of one diode 
only. This enables straightforward comparison of the two 
spectra thus derived. 

ENERGY CALIBRATION 
Each system of detector and electronics (mainly the amplifier 
and multi-channel analyser) was calibrated by irradiation in 
a thermal column of the University of London reactor 
CONSORT, in order to determine the energy width of each 
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channel W and the number of back bias channels B, giving 
the lower boundary energy for channel C as E= W (C ± B). 

The number of the back bias channels was found by 
plotting the peak channel for a number of test pulses with 
different pulse heights and characteristics similar to the 
expected neutron pulses. 

The energy width for the neutron detectors was determined 
by using the alpha and triton thermal peaks from the 
6Li (n, a) reaction. The energy width of the channel for the 
background detectors was found with the help of an 
americium-241 deposit on one of the two diodes. 

The calibration was tested during each run with test pulses. 
There was no significant change between the 10 kW and 
30 kW runs in the pulse peak position or in the resolution 
of the pulse response. 

Between the 30 kW and 60 kW runs there was a shift of 
about 70 keV (3.5 channels) in the peak position and also a 
worsening of resolution of about 30 keV. The same shift 
was observed in the actual count distribution between the 
two runs. Since the ratio between the counts in the peak 
channel and those at the adjoining channels were virtually 
the same for the two runs, there was no reason to suspect 
statistical effects. 

This shift suggests a change in the back bias position, but 
tests carried out in the thermal column of CONSORT with a 
variety of counting rates and also with test pulses of varying 
frequency did not reveal any change in the back bias due to 
a change in the counting rate. Between the 30 kW and 60 kW 
runs the counting rate changed only by a factor of approxi-
mately two. 

This leads to the possibility of a d.c. bias shift due to the 
presence of a high y-background count resulting in pulse 
overlapping during the presence of an undershoot of the 
previous pulse. Such a d.c. shift would have a similar effect 
as a change in the back bias of the system. Also this shift 
would have a superimposed fluctuation, producing the 
worsening of resolution observed. 

RESPONSE MATRIX 
Sum technique 
The formulation of the response matrix for the unfolding of 
the sum counts distribution is straightforward. The energy 
Es  of the summed pulses is related to the neutron energy 
En  by the formula Ea = En + Q, where Q=4.786 MeV. Thus 
a diagonal response matrix can be readily formed. This 
matrix is broadened because of the finite resolution of the 
system, the relevant resolution function being calculated from 
the response of the system for thermal neutrons, allowing for 
the effect at each reactor power of the y-dose present. This 
y-dose produces a high energy tail upon the monoenergetic 
response, a measure of which is obtained by measuring the 
broadening of the response for test pulses under the experi-
mental conditions.' 

Triton technique 
For the triton technique the distribution consists of counts 
produced from the alphas and tritons detected by one of the 
diodes only, but always in a coincidence mode with the other 
diode. 

Calculation of the neutron spectrum up to several hundred 
keV requires consideration of the distribution between 
2.73 MeV (the triton energy for thermal neutrons) and 
3.73 MeV (the maximum energy for a triton from a 600 keV 
neutron induced reaction). For higher neutron energies the 
resolution of the sum technique is superior. 

From the reaction kinematics the maximum and minimum  

alpha and triton energies can be calculated as a function of 
neutron energy. These are plotted in Fig. 1. This indicates 
that in the energy range 2.73-3.73 MeV the counts observed 
are due to 

(a) triton particles produced by neutrons having energies 
up to 8.75 MeV; 

(b) alpha particles produced by neutrons with energies 
higher than 400 keV; 

(c) a third contribution arising from tritons with energy 
higher than 3.73 MeV but not fully stopped in the 
depletion layer, their range in silicon being greater 
than their path length. 

The probability that a neutron of energy En  will give a 
triton of energy Et  and an alpha of energy Ea is determined 
from theoretical considerations. First, 

Et(En, 0*) = t(En ) 	f 2(En ) cos 0* 	(1) 
where 0* is the angle of emergence in the centre of mass 
system. Therefore the probability that a neutron of energy 
En  will give a triton of energy Et  is given by 

27r  
P(Et/En) — f2(En)  an* (En, 0*) 	 (2) 

where an*  is the angular cross section of the 6Li (n, a)t 
reaction, given by 

a D*(En, 0*) = Bo  + B1 cos 0*  + 0.5 B2 (3 cos20* — 1) (3) 
(The coefficients B1  and B2 are discussed under angular cross 
section.) Since 

Ea =En+Q — Et  

the probability of a neutron of energy En  giving an alpha of 
energy Ea  is 

P(Eal En ) = P(E't/E.) 
where 

E't  = En  + Q — Ea. 
Thus the contribution of a neutron of energy En  to the 

counts at energy E is 
C(ElEn) = KEt/En) KrtiEn) 

where 
Et  = E 

and 
E't  = 	Q — E. 

(If E is outside the possible triton energies for En  or if E't  is 
outside the possible alpha range the respective probabilities 
are zero.) 

For any meaningful unfolding of the measured distribu-
tion, the neutron group structure must be defined so that, if 
Eid +1  is the upper energy limit to the j distribution group, 
then the upper energy E1,1 of the j neutron group satisfies 

= Et. max(E1+t)• 
Assuming infinite system resolution, this gives an upper 

triangular response matrix with the diagonal elements pre-
ponderant. For the distribution region 2.73 — 3.73 MeV it 
gives an upper limit for the neutron spectrum of 600 keV. 
Although this group structure enables unfolding of the 
measured distribution, it requires correction of the distribu-
tion data for counts due to tritons and alphas produced by 
neutrons with energies higher than the 600 keV upper limit 
thus imposed (high energy tail). 

The fast falling 6Li cross section at energies higher than 
600 keV, together with the rapidly decreasing neutron spec-
trum in NISUS at energies higher than 2 MeV, permit this 
effect to be confined to neutrons with energies between 
600 keV and 2 MeV. This assumption is further enhanced 
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Fig. 1. Maximum and minimum triton and alpha energies from the 
6Li(n, ci)t reaction in terms of neutron energy 
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Flux per unit lethargy 

10 kW 30 kW 60 kW 

0.4660 0.5118 0.4185 
0.9500 0.9867 0.9306 
1.1620 1.1990 1.1720 
1.7300 1.6970 1.5830 
2.2402 2.2120 2.1060 
2.2810 2.3090 2.1840 
2.4110 2.4010 2-2440 
2.6380 2.6430 2.7170 
2.7970 2.8610 3.0450 
3.4780 3.4840 3.3580 
3.5630 3.5790 3.4220 
3.8620 3.8670 3.5000 
3.4850 3.5100 3.4060 
3-8070 3.8490 3.6470 
4.1760 4.1860 4.1300 
3.8740 3.9290 4.4240 
4.8100 4.2360 6.4840 
5.0010 4.7550 6.5570 
7.3220 7.2590 7.2080 

Neutron 
energy, MeV 

0.018 
0.030 
0.045 
0.062 
0.081 
0.101 
0.123 
0.147 
0.172 
0.197 
0.224 
0.252 
0.281 
0.310 
0.340 
0.371 
0.402 
0.434 
0467 
0499 
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by the fact that the width of the energy range for the triton 
product increases with neutron energy (see Fig. 1). 

Assuming that over the neutron range 600 keV-2 MeV 
the 6Li (n, a)t reaction is isotropic in the centre of mass 
system, the same number of tritons will be produced within 
all distribution groups between 2.73 MeV and 3.73 MeV 
from this part of the neutron spectrum. An estimate of this 
contribution can be obtained (Fig. 2) from the number of 
counts received at the distribution group which extends 
above the one corresponding to 3.73 MeV by one half of the 
full width at half maximum (FWHM) for the thermal 
neutron response, so that it will not contain counts produced 
by the spectrum below 600 keV. These counts must be 
subtracted from the counts per channel prior to unfolding 
to correct for this high energy tail. 

The effect of an error in this estimate was checked for 
both the 30 kW and 60 kW runs, and in both cases changes 
of up to ± 20% in the correction value used produced 
changes of 1-1.5% for the neutron flux over the whole 
spectrum range. 

Another effect of the neutron spectrum above 600 keV is 
the contribution of alphas in the range 2.73-3.73 MeV. The 
spectrum range 600 keV-2.0 MeV is again considered for the 
neutrons. 

The situation differs from the one for the tritons. Figure 1 
shows that as the neutron energy increases from 400 keV to 
1.35 MeV the maximum possible alpha energy increases from 
2.73 MeV to 3.74 MeV, and at 600 keV it is about 2.96 MeV. 
Thus there is no longer a uniform alpha contribution to all 
energy groups, but a greater contribution for the lower 
energy distribution groups and a lesser contribution at higher 
energies. No estimate of this contribution can be obtained. 
If the energy range to be analysed were increased, the res-
ponse matrix would take this effect into account since the 
respective probabilities P(E= Eat En ) for En  > 600 keV would 
be included, calculated as described previously. 

EXPERIMENTAL RESULTS 
The results of measurements in NISUS for reactor powers of 
10 kW, 30 kW and 60 kW are given in Tables 1 and 2. These 
results are also shown in Fig. 3, where they are compared 
with an ANISN calculation. The results for the triton analysis 
given in Table 1 are for the three reactor powers, whereas in 
Table 2 the results by the sum technique are given for only 
one power, since those from other powers were indistin-
guishable from the first set. 

The 6Li results have been combined into an 1/8 lethargy 
grouping and in Fig. 4 they are compared with the propor-
tional counter results by Petry and the ANISN calculation.6  
It can be seen that ANISN underpredicts the spectrum in the 
2 MeV region. This may be due to errors in 238U inelastic 
scattering cross section data in this energy region, as indicated 
by studies of the 238U data by Williams.' 

At the lower energy range of the spectrum, below 1 keV, 
the proportional counter results are in much better agree-
ment with ANISN than the triton results. This could result 
from error in the unfolding associated with the triton 
technique. 

The triton analysis was performed with the maximum 
neutron energy being varied between 600 keV and 800 keV. 
A comparison between the results for 600 keV and 800 keV 
maximum neutron energies is shown in Fig. 5 for 30 kW 
reactor power and Fig. 6 for 60 kW reactor power. By 
extending the maximum energy to 800 keV better agreement 
is achieved with the ANISN calculation, for both the 30 kW 
and 60 kW experiments, over the energy range 10-100 kW, 

3.732 
Energy: MeV 

Fig. 2. Triton and alpha count distribution above 2.73 MeV for 
reactor power 30 kW 

Table 1. Neutron spectrum from triton analysis 
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Fig. 3. Measurements of the NISUS neutron spectrum by 6Li 
sandwich spectrometers 
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theoretical results 
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Energy: MeV 

Fig. 6. Comparison between the neutron spectra derived from the 
triton technique when the maximum triton energy considered is 
increased; reactor power 60 kW 
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Fig. 4. Comparison between experimental and 
for the NISUS neutron spectrum 

Table 2. Neutron spectrum from sum analysis flux per unit 
lethargy 

Neutron energy, MeV 60 kW run 

0.52 0.482 
0.63 0.468 
0.75 0.437 
0.86 0.359 
0.98 0.324 
1.09 0.295 
1.21 0.283 
1.32 0.262 
1.44 0.237 
1.55 0.256 
1.67 0.237 
1.78 0.238 
1.90 0.241 
2.01 0.228 
2.13 0.230 
2.24 0.265 
2.36 0.232 
2.47 0.247 
2.59 0.231 
2.70 0.222 
2.82 0.211 
2.93 0.191 
3.05 0.200 
3.16 0.177 
3 ,28 0.176 
3.39 0-180 
3.51 0.141 
3.62 0.128 
3.76 0.122 
3.91 0.115 
4.06 0.127 
4.22 0.102 
4.37 0.102 
4.52 0.083 
4.68 0.079 
4.83 0.073 
4.89 0.072 
5.08 0.049 
5.27 0.060 
5.47 0.070 
5-66 0.047 
5.85 0.043 
6.04 0.043 
6.23 0.036 
6.42 0.038 
6.62 0.020 
6.81 0.026 
7.00 0.027 
7.19 0.014 
7.38 0.016 
7.58 0.010 
7.77 0.018 
7.96 0.011 

10 0-1 1.0 0.01 
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El 

0 

13  Range up to 600 keV 
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Energy: MeV 

Fig. 5. Comparison between the neutron spectra derived from the 
triton technique when the maximum triton energy considered is 
increased; reactor power 30 kW 
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Table 3 

Silicon resistivity, S2 cm Depletion layer, pm 

1000 60.00 
1500 232.38 
2000 268.33 
2500 300.00 
3000 328.63 
3500 349.86 
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while there is no significant difference in the energy range 
100-430 kW. 

At energies higher than 500 keV the experimental data 
suffer from poor statistics, and unfolding spectra with this 
data is therefore not satisfactory. Thus further extending the 
energy range up to 1.35 MeV would result in the introduction 
of oscillations in the spectrum during unfolding. Also the 
angular cross section data suffer from considerable un-
certainty in this energy region. 

A further problem already mentioned concerns the contri-
bution from tritons not fully stopped in the depletion layer. 
The depth of depletion in 1.1.m is given by 

D = 0.6 p V 
where p is the silicon crystal resistivity in Q cm and V is the 
applied bias voltage.° This depth is given in Table 3 for 
V=100 V and p 1000-3500 S2 cm. 

For the Authors' work the resistivity of the Si crystal was 
1100 Q cm, giving a depletion depth of 200 p.m. This repre-
sents the range of a 6.8 MeV triton in Si.1° This is the most 
energetic triton to be expected from a °Li reaction with a 
3.7 MeV neutron. As the Authors' triton analysis refers to 
triton energies up to 3.73 MeV no problem arises from this 
effect. 

The resolution function for the triton analysis is considered 
to be a Gaussian error function with FWHM equal to the 
FWHM of the triton response for thermal neutrons. This 
FWHM was altered for the analysis of the data from the 
60 kW run, as suggested in the energy calibration section to 
allow for y-broadening. The Gaussian function gave a good 
approximation to the measured response function for thermal 
neutrons. 

ANGULAR CROSS SECTION 
Mahaux and Robayell and Bluet et al.12  have separately 
studied the available experimental data below 600 keV on 
the angular distribution of the Li° (n, a)t cross section, and 
have calculated the variation with neutron energy of the 
coefficients B1  and B2 of equation (3). 

Recently Rickard,13  following neutron spectrum measure-
ments in ZEBRA, deduced a modified set derived from the 
Bluet data set by increasing his values over the energy range 
50-120 keV by approximately 20%. Comparisons between 
the °Li measurements and time of flight spectrum in ZEBRA 
showed better agreement when this new set was used. 

A further test for the validity of this modification is pro-
vided by comparing results from the NISUS measurements 
using the three sets of data. These results are shown in Fig. 7 

10 

Fig. 7. Effect of the differential cross section of the reaction 
°Li(n, a)t on the neutron spectrum derived from the triton technique; 
reactor power 30 kW 

and Table 4 for the 30 kW experiment. The values of the 
coefficients B1  and By, for the three data sets, are given in 
Table 5. 

Figure 7 shows that the modified set gives better agreement 
with the ANIsN-calculated spectrum and the proportional 
counter results over the range 30-200 keV. For 200-
400 keV no significant change is observed. The overpredic-
tion of the spectrum at energies below 100 keV remains. 

The effect of this increase in the values of B1  and B2 is a 
more forward peaked angular cross section. This in turn 
affects the response matrix, resulting in one with more 
predominant diagonal elements. In other words it is equiva-
lent to a more narrow resolution function. 

At present, more accurate values of the angular cross 
section are not available and the significant disagreement 
(up to 50%) between the Mahaux and Bluet sets below 

Table 4. Coefficients B1, B2  (mb/sterad) for the angular distribution 
of the 6Li(n, a)t reaction 

Neutron 
energy, 

MeV 

Mahaux and 
Robayell Bluet et al.12  Rickard" 

B1 B2 B1 B2 B1 B2 

0.018 7.3 1.75 21.0 3.5 26.0 4.0 
0.030 9.0 2.25 22.5 5.1 32.0 8.0 
0.045 12.0 3.1 23.0 7.5 38.0 11.0 
0.062 11.5 4.2 24.0 10.5 44.0 15.0 
0.081 14.0 6.4 25.5 14.0 48.0 19.0 
0.101 17.0 9.8 28.0 19.0 42.0 23.0 
0.123 26.0 17.0 33.5 31.0 42.0 33.0 
0.147 33.0 26.5 48.5 42.0 37.0 47.0 
0.172 48-0 41.5 58.0 60.0 50.0 66.0 
0.197 57-5 61.5 68.0 75.0 68.0 97.0 
0.224 75.5 91.0 82.0 110.0 77.0 110.0 
0.252 70.0 1140 70.0 128.0 67.5 128.0 
0.281 52.0 125.0 52.0 125.0 59.0 125.0 
0.310 35.0 88.0 35.0 88.0 35.0 88.0 
0.340 14.0 50.0 14.0 50.0 14.0 50.0 
0.371 9.0 32.0 9.0 32-0 9.0 32.0 
0.402 6.0 28.0 6.0 28.0 6.0 28.0 
0.434 3.1 17.0 3.1 17.0 3.0 17.0 
0.467 1.9 14.0 1.9 14.0 1.9 14.0 

Table 5. Effect on measured neutron spectrum of the change in the 
coefficients for the angular cross section of the 6Li(n, a)t reaction 
(results from 30 kW run) 

Neutron 
energy, 

MeV 

Flux per unit lethargy 

Data set 
Mahaux and 

Robayell 
Data set 
Blueti2  

Modified 
Bluet set 

0.018 0.5054 0.4627 0.5118 
0.030 0.9876 0.9225 0.9867 
0.045 1.3370 1.2880 1.1990 
0.062 2.1640 2.1950 1.6970 
0.081 2.9350 3.1310 2.2120 
0.101 3.0830 2.7770 2.3090 
0.123 2.9630 2.5770 2.4010 
0.147 3 -0850 2.7120 2.6430 
0.172 3.1680 2.8280 2.8610 
0.197 3.9950 3.6540 3.4840 
0.224 3.7190 3.8770 3.5790 
0.252 3.7850 3.7820 3.8670 
0.281 3.4870 3.5230 3.5100 
0.310 3.8940 3.8560 3 -8490 
0.340 4.2500 4.1800 4.1860 
0.371 3.7410 3.6710 3.9290 
0.402 3.9240 3.9140 4.2360 
0.434 4.5180 4.5320 4.7500 
0.467 7.5650 7.7150 7.2590 
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250 keV is not 
introduced in 
Gaussian form). 

resolved; therefore no change should be 
the resolution function employed (the 

The results of the sum technique were in good agreement 
with theory and experiments. Results from the unfolding of 
foil activation measurements" show the same discrepancy 
with theory over the range 1-2 MeV as do the results 
reported here. 

DISCUSSION 
The spectrum in the fast neutron spectrum standard NISUS 
has beep measured over the energy range 10 keV to 8 MeV 
with 6Li sandwich spectrometers. Measurements at different 
reactor power produced consistent results provided that the 
effect of the y-dose, present at each level, on the spectrometer 
response was measured and allowed for in the calculation of 
the response matrix used to unfold the measured distribu-
tions. 

The measuring system should be accurately calibrated, 
especially for the analysis of the triton (and alpha) distribu-
tion, which covers the neutron energy range containing the 
broad resonance of the 6Li (n, a) cross section at 247 keV. 
In that case the number of back bias channels must be 
determined independently of the sum peak, which contains 
information from both measuring sides, and then the energy 
width of each channel can be determined by using the alpha 
and triton peaks of the side which is used for the triton 
distribution. 

In accordance with results from measurements in ZEBRA, 
better results were obtained from the triton technique when 
the Bluet set as modified by Rickard was used for the 
coefficients B, and B2 of the differential cross section for the 
6Li (n, a) reaction. 

Results from the triton technique were in better agreement 
with theoretical and other experimental results when the 
maximum neutron energy considered was increased, to give a 
more correct response matrix over the significant range of 
this technique (10-500 keV). This extension requires more 
data for the 6Li (n, a) differential cross section and longer 
irradiations for meaningful unfolding. 

The accuracy of the triton response matrix will increase if 
different resolution functions are used for the alphas and 
tritons comprising the measured distribution between 
2.73 MeV and 3.73 MeV, as suggested by their respective 
responses measured during thermal column irradiations. 
Initial attempts produced results in better agreement with 
theory and other experiments over the range 10-100 keV, 
but the consequent broadening of the response matrix 
increased the oscillations at higher neutron energies. 
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A demountable fast neutron spectrometer for in-core measure-
ments, employing the 6Li spectrometry technique, has been 
developed. Surface-barrier diodes destroyed by fast neutron 
irradiation can be replaced from the sandwich inside the 
spectrometer, permitting re-use of the undestroyed diode and the 

can. Its performance was tested over the range 10 keV to 7 MeV 
by measuring the neutron spectrum in the standard spectrum 
facility NISUS. Results are presented from these measurements 
together with a discussion on the energy calibration of such 
spectrometers. 

1. Introduction 
One of the most powerful methods for fast neutron 

spectrometry is that employing surface-barrier semi-
conductor diodes and the 6Li(n, cx)t reaction. 

Analysis of the so-called triton distribution and the 
sum distribution, obtained during the same irradiation 
run, covers the neutron energy range from 10 keV to 
io MeV  1,2). 

The main drawback for extensive application of the 
technique is the breakdown of the diodes caused by an 
integrated fast neutron dose of 1012-1013. This, coupled 
with the low counting efficiency of these spectrometers, 
results in a short spectrometer lifetime measured in 
terms of spectrum measuring experiments. To that 
should be added the fact that great difficulties are en-
countered in fabricating an acceptable surface-barrier 
diode. 

Considering all these difficulties and the fact that 
each spectrometer consists of a sandwich of two 
diodes, it would be very useful to recover from a 
spectrometer the diode that has not been destroyed, or 
in the event of both diodes being destroyed to recover 
the encapsulating can which is expensive to fabricate. 
For this reason a demountable spectrometer was 
designed. 

2. Requirements from a demountable 6Li 
sandwich spectrometer 

A 6Li sandwich spectrometer consists of two matched 
surface-barrier diodes (a thin layer of gold being 
evaporated on a Si crystal), mounted face to face to 
form a sandwich, the distance between the two diode 
faces being of the order of 1 mm. The neutron sensitive 
area consists of a LiF layer (95% enriched in 6Li) 
which in most of the commercially available spectrom- 

eters is evaporated on one or both of the diodes, or 
alternatively introduced between the two diodes on a 
thin supporting film3). The assembly is encased in a 
metal can under vacuum to prevent energy losses of the 
alpha and triton in the gap between the diodes. A lead 
connected to each diode feeds the reverse bias and 
carries the signal to the measuring system. 

The basic requirement from the spectrometer, as 
mentioned earlier, is the removal of the sandwich 
assembly and the replacement of the faulty diode in 
the sandwich. This means that the electrical connections 
to each of the diodes should be independent from each 
other and demountable from the diodes as easily as 
possible. 

For operation of the spectrometer under vacuum it 
should be possible to evacuate or let air into the can at 
will, thus a vacuum valve is necessary. 

The diodes must be removable from the can for 
replacement while on the other hand they should be 
firmly held in position when the can is used. 

Finally the can dimensions should be kept as small 
as possible to permit the execution of in-core spectrum 
measurements and the materials used should introduce 
minimum perturbation in the neutron flux to be 
measured and keep their properties when irradiated in 
a fast neutron spectrum. 

Prior to designing the metal can it was essential to 
decide upon the way the neutron-sensitive LiF layer 
should be introduced. The use of a supporting foil has 
the practical advantage of eliminating the need of a 
separate background spectrometer since after removing 
the foil the neutron spectrometer can function as a 
background detector. Also all the diodes, so long as 
they are produced from identical silicon crystals, would 
be completely interchangeable. Finally the rate of diode 
failure during fabrication should be reduced since the 
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LiF evaporating stage would be removed. Against 
these advantages one has to weigh the possibility of 
scratching the diode surface while inserting or removing 
the foil from within the sandwich and the necessity 
of a means of holding it in position. 

The main disadvantage lies in the deterioration of the 
operational properties of the spectrometer. Namely the 
dead layer inside the spectrometer is now increased by 
the insertion of the foil and also symmetry is destroyed. 
This not only means that the spectrometer resolution 
will be worsened due to energy losses in the foil but the 
possibility of double peaking in the sum peak may 
occur since only the particle traversing the supporting 
foil will suffer this energy loss prior to being detected'''. 

For this reason it was decided to have the LiF layer 
deposited on the diodes and not use a supporting foil. 

3. Description of the spectrometer 
The diodes, supplied from AERE Harwell, were cut 

off an n-type silicon crystal having resistivity 3200 Qem. 
They were manufactured according to their standard 
design where an 80 pg/cm2  gold layer is evaporated 
onto the silicon surface while ohmic contact is made on 
the other side of the silicon through a diffused phos-
phorous layer which is wrapped over the edge of the 
front surface. 

The spectrometer is shown in fig. 1 with the diodes in 
position. 

Each diode was mounted on a thin 	4 pm) stainless 
steel tray. Three holes were drilled around the peri-
phery of the tray, 120° apart, for screws used to hold 
the two diodes together. A fourth hole was drilled 
diametrically opposite to one of the three others to 
allow the lead connected to the lower diode to pass 
through the tray. All these holes must have sufficient 
clearance from the diode edge whilst allowing room for 
a spring which is situated on the back of the upper tray 
to hold the sandwich in position. 

The tray also carries a subminiature PTFE socket 
carrying a pin, on the upper side, which is connected 
to the electrode of the gold surface with resin-cored 
solder. The can was manufactured from stainless steel 
to give a wall thickness of,40 mm. A small projection 
on the inside, 20mm, from the can bottom provides the 
base upon which the sandwich rests. The clearance is 
required to allow room for the lead and pin which is 
plugged into the lower diode socket. The internal can 
diameter just accomodates the diode trays. To prevent 
the sandwich floating in the can a thin stainless steel  

spring was introduced, resting on the edge of the upper 
diode tray and compressed at the other end by the 
protruding end of the cap. 

Flexible PTFE sleeved silver-plated wire was used to 
carry the signal from the diodes having a subminiature 
pin soldered at its free end mating with the sockets on 
the diode trays. A glass-to-metal seal provides the 
outlet of the two leads from the vacuum to the mini-
ature connectors screwed on the top of the can cover. 
A small lenght of lead is left loose in the vacuum can to 
permit the cap of the can to be opened sufficiently to 
allow the removal of the diode sandwich. 

A washer held in position by one of the nuts and 
screws holding the sandwich assembly together, 
provides the earth connection which is soldered to a 
lead permanently fixed on the can. 

The can and its cap is sealed with an 0 ring to 

* It should be noted that energy loss in matter is considerably 	Fig. 1. Cross-section of the demountable spectrometer with the 
higher for alphas than for tritons. 	 diode sandwich. 
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provide vacuum tightness in the chamber containing 
the diode sandwich. Evacuation of the can is achieved 
through a small bore copper tube soldered at the inner 
surface of the cap. The upper end of the evacuating 
stem carries a specially designed miniature vacuum 
valve, shown in cross-section in fig. 1. 

To evacuate the can the vacuum equipment is 
connected to A and sealed by an 0 ring, while stem B is 
unscrewed until the top of the screw is in line with the 
upper valve face. After the desired vacuum is reached 
the stem is screwed down keeping 0 ring C in position 
thus sealing the outlet of the pumping stem. 

4. Spectrum measurements with the spectrometer 
The demountable spectrometer was employed to 

measure the fast neutron spectrum in the neutron 
spectrum standard facility, NISUS4), installed in a 
thermal column of the University of London Reactor, 
CONSORT. 

The same spectrum has been previously measured 
over the range 10 keV to 8 MeV with 'Li sandwich 
spectrometers of the standard Harwell design 
SRD(P)7 2). The region from a few keV up to 2 MeV 
has also been covered by proportional counters5), 
and the region from 1 MeV upwards by foil unfolding 
techniques6). The spectrum has also been calculated  

using the one-dimensional discrete ordinates code 
ANISN with the Galaxy set of data. 

The spectrometer was introduced in NISUS (fig. 2) 
fixed to the end of an aluminium plug so that the 
surface of the diode carrying the LiF layer was 
positioned at the centre of the NISUS cavity. The 
existence of a boron-carbide shell surrounding the 
cavity eliminated the need of thermal neutron counts 
discrimination. The plug was clamped on the upper 
part (small diameter) of the spectrometer. The uranium 
and the B4C shells contained a large hole which 
permitted the spectrometer to be passed through into 
the cavity. In order to prevent thermal neutrons 
streaming through this hole, once the spectrometer was 
in position, a hollow aluminium plug filled with boron 
was placed over the leads to the spectrometer to fill the 
access hole. A cadmium sleeve was placed around the 
leads and a cadmium disc over the end of the plug to 
ensure that neutron leakage paths were minimised. The 
leads were taken through the cadmium disc and 
connected to a pre-amplifier. 

Two irradiations were carried out at 1.5 x 107  n/cm2  s 
and 3 x 107  n/cm2  s integrated fast neutron fluxes 
(15 and 30 kW reactor power correspondingly). Each 
run consisted of an irradiation of the spectrometer with 
one of its diodes coated with a 120 pg/cm2  neutron- 

Fig. 2. Irradiation arragement. 
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sensitive LiF layer and a successive one with no LiF-
coated diode to measure the background distribution 
from the (n, a) and (n, p) reactions in 28Si. The triton 
and sum distributions were simultaneously accumulated 
during each run. 

The electronic circuit used in the measurements, was 
that described in ref. 1 which reduces the 7-effect in 
resolution. It also enables, through the use of a low- and 
a high-level discriminator, the use of a fast coincidence 
resolving time of 20 ns. 

5. Pulse shaping 
If differentiating and integrating RC circuits are 

employed for pulse shaping in the main amplifiers, the 
value (T) for each of their time constants, with 1 ps 
gate width in the linear gate and integrator unit, 
should be l ps for optimum fwhm resolution. 

Assuming for the pulses from the diodes an exponen-
tially rising form, given by 

vd  (t) = Vd  (1 - e tir) , 	 ( 1 ) 

where r has a value less than 10 ns, the rising part of the 
output pulse, as shaped by the integrating stage, will 
have a similar form since T>r, i.e. 

vo(t) = 11 (1 - e-t / T). 	 (2) 

This gives a rise time of 2.2 T ps which is 2.2 ps for 
T= I ps. The high-level discriminator is set at a level 
of 1.35 MeV allowing the least energetic alpha particle 
from the 6Li(n,a)t reaction to pass (considering the 
energy losses in the dead layers). With such a slow 
rising pulse (T = 1 its), time walk on this discriminator 
for different pulses would certainly mask any advantage 
introduced by the low-level discriminator, and certainly 
coincidence resolving times smaller than a few hundreds 
of ns could not be used. 

For the reasons already given, Tshould be drastically 
reduced to the order of a few tens of ns. Such a situation 
would no longer represent an optimum for the fwhm 
resolution. Furthermore, such low values for the 
differentiating time constant would result in a long fall 
time (i.e. long duration) for the shaped pulse, as well as 
in a clipping of the input pulse height since 

//max out  = p -11(p- 1 ) 	 (3) 
max in 

where p=rr (if T=30 ps and r =10 ns, p = 3 giving a 
ratio of 0.707, that is a reduction in the pulse height of 
30%). 

For these reasons differentiation has to be replaced 

TABLE 1 

Time (in ns) for shaped pulse height to reach 1.35 MeV. 

E(MeV) 
1.5 1.8 2.0 2.5 3.0 4.0 5.0 

T 
(ns) 

20 48 28 23 16 12 8 6 
30 72 42 34 24 18 12 9 
50 120 70 57 40 30 20 15 

by single delay line shaping, followed by the integrating 
RC stage. 

The minimum coincidence resolving time that could 
be set in the coincidence unit was 50 ns and the 
minimum integrating circuit constant 20 ns. A simple 
calculation, based on eq. (2), for the time required for 
the shaped pulse height to reach the 1.35 MeV level for 
different time constants T, gives the figures shown in 
table 1 for different incident particle energies. 

These values indicate that for T = 50 ns and coin-
cidence resolving time 50 ns low energy ( <1.7 MeV) 
pulses would not produce a coincidence count with 
their higher energy counterparts in the other diode. 

This effect is also shown in fig. 3, where the spectrom-
eter response is shown for a thermal neutron irradi-
ation, for a 50 ns coincidence and T varying at 20, 30, 
50 ns. 

Finally a 30 ns integration constant was selected, 
since the 20 ns one was not well-defined with the present 
amplifier units, while as shown in fig. 3 no significant 
change was observed between the 20 and 30 ns 
spectrometer response. 

6. Energy calibration 
To analyse the measured distributions the first 

necessity is to establish the energy calibration of the 
system, that is to establish the values of the parameters 
W, energy per channel, and b, back-bias channels, in 
the relation: 

i = —
w 

E+ b 	 (4) 

where i is the order of the multi-channel analyser 
channel, with low-energy limit E. 

The values of these parameters depend on the diode 
characteristics, the setting of the electronics (amplifier, 
linear gate and integrator) and the multi-channel 
analyser. For these reasons they must be determined 
separately for ( ad) distribution (triton or sum). 

Irradiating the spectrometer in a thermal neutron 
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beam resulted in two calibration points being obtained 
for the side used to measure the triton distribution for 
the fast spectrum. For these we have, according to 
eq. (4) 

Et —AE, = W (i,— b) , 	 ( 5) 

E„—AE,, = W(ic,—b), 	 (6) 

with Et = 2.733 MeV and E„ = 2.053, zlE„ 4E,, being 
the energy losses of the triton and alpha particles in the 
LiF and gold layers. .4E2  was written as .4E,, = KzIE„ 
and the value of the ratio K was calculated as shown in 
appendix A. 

The number of back-bias channels is treated as a 
constant of the electronics setting and multi-channel 
analyser employed. To determine its value test pulses 
were used with different pulse heights and character-
istics similar to those of the neutron-induced pulses. 
For each pulse height the pulse was fed into both 
diodes and the peak (containing 10 000 counts) was 
registered, by coincidence measurement, for the diode 
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Fig. 3. Alpha and triton peaks from thermal neutron irradiation, 
with varying integrating circuit time constant. 

and multichannel analyser under consideration. A 
linear least-squares fitting for the peak-channel against 
pulse-height gave the number of back-bias channels. 
The stability of the back-bias was checked before and 
after each irradiation and no systematic change was 
found so that the accuracy for the value used can be 
estimated from the least-squares fitting accuracy only, 
as shown in appendix B. 

A further check was made to determine the effect of 
the counting rate on the back-bias. The spectrometer 
was irradiated at the thermal column of CONSORT at 
reactor powers varying from 100 W (184 counts per 
min) up to full power 100 kW (178 500 counts per 
min). The alpha and triton peaks were recorded at each 
power and no change in their peak channels was 
observed. This experiment was repeated with the test 
pulses used before, while the frequency on the test pulse 
generator varied from 2.5 kHz (23 650 c/min) down to 
25 Hz (5600 c/min). Again no change was observed in 
the peak channels. 

Having determined the values of h and k, W and 
zlE, can now be determined from eqs. (5) and (6). .(1E, 
for a diode with 120 pg/cm2  LiF coating and 80 pg/cm2  
gold layer was found to be 40 keV. 

For the sum distribution there is only one calibration 
peak corresponding to energy 4.786 — (zIE„ + AE,) 
(MeV), that is 

4.786 — E2+d Et) = W(is — b5), 

Or 

4.786 — (K +1) AE, = Ws(is —b,), 	(7) 

where bs  is the back-bias for the multichannel analyser 
employed to register the sum distribution. This was 
determined as for the triton side. Substituting K from 
appendix A and for tlE„ calculated above, results in a 
value for Ws. 

This calibration technique gives i in eq. (4) as a 
function of K and b, (for a given energy), and this 
equation for the triton side can be written 

t = (Kit — 	b (K — 1) E+b. 	(8) 

Since K and b have been determined as independent 
variables (from each other), the standard deviation of i 
will be given by: 

ai)2 
_2 	

ai)2 

= 	K (T
b 

ub DK 

and the probable error will be + 1.4146; 62  was found 
by taking the values of 4=109 and 4= 80 channels 

COI NCI DENCE 
RESOLVING TIME SOns,;, 

CONSTANT 
TIME 11[ 

 
INTEGRATING 

	20 ns 
30 ns 

--50ns 

(9) 
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TABLE 2 

Standard deviations of K, b and i as a function of particle energy. 

E 
(MeV) 

2 (ai/a/02  02  

	

(1) 	(2) 

	

10% 	50% 
(1) 

Qi 

(2) 

I 0.1603 0.0016 0.0403 0.4024 0.4479 
2 0.0364 0.0064 0.1612 0.2069 0.4445 
2.5 0.0074 0.0100 0.2519 0.1319 0.5092 
3.0 0.0003 0.0145 0.3627 0.1216 0.6026 
3.5 0.0153 0.0197 0.4937 0.1871 0.7134 
4.0 0.0523 0.0258 0.6449 0.2795 0.8350 
4.5 0.1112 0.0326 0.8162 0.3792 0.9630 
5.0 0.2949 0.0403 1.0076 0.5790 1.1413 

found from the thermal irradiation, the value of o b  
calculated in appendix B and assuming a 10% probable 
error in the calculated value of K. This gave a value of 
a-2  = 0.118. 

The values given in table 2 were calculated for o-, as 
a function of the particle energy. Even if the relative 
error in K amounts to 50% the accuracy in the channel 
number corresponding to a certain particle energy, 
within the range of interest for the triton technique 
which is from 2.73 to 4.0 MeV, is very good and 
within the errors arising from the integration of counts 
within the channel width.  

7. Spectrum results and discussion 
The triton and sum distributions have been analysed 

by integral resolution unfolding. The data required for 
the analysis and the construction of the respective 
response matrices are discussed in ref. 2. 

The results obtained from both runs (15 and 30 kW) 
are shown in fig. 4, where the results from the AN1SN 
calculation of the same spectrum are shown, using the 
Galaxy data set. Resolution unfolding produced good 
agreement between the results from the two runs. In 
fig. 5, the results from the 15 kW run are compared 
with spectrum measurements made with SRD(P)7 
spectrometers2) and proportional counters5). 

The major difficulty encountered by workers using 
the 6Li (or for that matter the 3He) technique is the 
progressive worsening and eventual breakdown suffered 
by the surface-barrier diodes under fast neutron 
irradiation. Another problem, mentioned by diode 
manufacturers'), is that of diode deterioration under 
prolonged encasement in a vacuum. A possible 
explanation for this is that before evaporation of the 
gold layer an oxide layer is formed on the diode surface 
which, possibly, contributes to the redressing proper-
ties of the gold-silicon junction. By storing the diode 
under vacuum, oxygen atoms are knocked off and the 
diode behaviour deteriorates, this being manifested in 
an increase of the leakage current. Although the 
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Fig. 4. The NISUS spectrum measured with the demountable spectrometer. 
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Fig. 5. Comparison of experimental results for the NISUS spectrum.

perturbation effect of the silicon and stainless steel
trays which are in the immediate vicinity of the neutron
sensitive area of the spectrometer will be examined.

Appendix A

In order to calculate the value of the ratio K = JEa./
JEt it was assumed that the particle energy losses are
small compared with their initial energies (Ea. =
= 2.053 MeV and E, = 2.733 MeV). It was further
assumed that the 6Li(n, a)t reaction takes place in the
centre plane of the LiF layer so that the path lengths
travelled by the two particles are equal, since they
move in opposite directions, for thermal neutron
ftpuced reactions.

Under these assumptions the value of the ratio will be

K = JE;iF+JE:
u

K 1 + K 1 JEtu/JE~iF (10)
JE~iF+JEtu + 1+JEtu/JE~iF '

number of diodes used in these measurements with the
demountable spectrometer is only four, some comments
on diode damage may be noted.

The diodes were irradiated at 15 and 30 kW in the
fast spectrum initially. During these irradiations the
expected proportional increase in the leakage current
of each diode against integrated fast neutron flux was
observed. After these irradiations air was allowed into
the spectrometer and over a period of a few days a
decrease of between 30 and 40% was observed in the
leakage current of all diodes. Re-evacuating the
spectrometers and repeating diode irradiations at
15 kW resulted in the slope of the increase in leakage
current for two diodes being much smaller than during
the first 15 kW irradiation. For the third diode this
reduction was smaller and no significant change was
observed for the fourth one. The last diode was that
carrying the 120 pg/cm 1 LiF layer and from the
beginning showed a slower increase in leakage current
than the others. Regular monitoring will continue of
the leakage current changes with other diodes that will
be used in the demountable spectrometer to see
whether bringing the diodes in an oxygen atmosphere
between irradiations will help them recover.

Finally a Monte Carlo calculation will be made to
determine the effects of neutron scattering by the
spectrometer materials on the measured spectrum. The

where

dEa.)EOC=1.053

dx .

with i = 1 for LiF, 2 for Au.

(11)
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For each dead layer Ki  is calculated from the Bethe 
formula for energy loss incorporating corrections for 
shell effects 

dE 2 nZ2  e4 	2 mv2  C'\  
	NZ (In 

dx 	niv2 

where the symbols have their usual meaning. Rela-
tivistic and density effect corrections are not required 
because of the low particle energies. 

Changes in the charge of the particles at the energies 
considered due to electron pick-up can be ignored, and 
the values of Z,( = 2, Zt  =1 have been used. 

The mean ionisation potential value used for Au is 
that recommended by Fano, i.e. /Au  = 76] eV. That for 
the LiF was calculated according to Bragg's additivity 
rule, as: 

2 
NZ In I = E N i Zi  lnli , 	(13) 

i=i 

where i = 1 denotes values for lithium, and i = 2 
denotes values for fluorine. 

Values of I for lithium and fluorine were calculated 
by the relation') 

1„d1  = 12Z + 7 eV , 	 (14) 

giving I1  = 43 eV and /2  = 98 eV. 
The shell correction terms were calculated according 

to the nomogram given by Fano8) and are shown in 
table 3. These values are calculated on the basis that 
shell corrections do not vanish as vc., which is in 
agreement with the I value for Au not being the 
adjusted value. For lithium and fluorine there is no 
difference between I and /ad j, due to their low atomic 
number, so that use of eq. (14) is justified. 

The following values of Ki  were then obtained from 
eq. (11) 

TABLE 3 

Shell correction terms. 

LiF 	 Au 

Alpha 	 0.072 	 —0.170 
Triton 	 0.100 	 —0.140 

80 pg/cm2  the following ratio was obtained 
AEA. 	0.53  . 

zlEt"F  

Substituting the values of K 1 , K2, IlEtAu/ jEtLiF  in 
eq. (10) resulted in a value of 4.85 for K. 

Appendix B 
A straight line was fitted to a set of n measurements 

of the variable y (in the present case the number of the 
peak-channel) taken at specified values of the inde-
pendent variable x (the height of the test pulse) by the 
least-squares method. This resulted in an estimate for 
the values of the parameters a and b in eq. (19) with 
minimum variance. 

y ax+b. 	 (19) 

These values are given by 

i=t 
11 

( X j7) 2  
= 

b = y—ax, 

with 

(12) 

(18) 

(20)  

(21)  

(LiF) K 1  = 5.52, 

(Au) K2  = 3.58. 

(15)  

(16)  

11 

= — 	x t , 
0 i= 

tt 
Y = 	• 

n 

The ratio z1E,Auft1E,LiF  is calculated by the relation 
Au LiEtAu 	ClAu  (dEt/dx)L= 2.733 McV 

LiF 	 LiF AE, 	cluF (dEtla E = 2.733 MeV 

where dAu  is the thickness of the gold layer and du, is 
half the thickness of the LiF layer. The respective 
values of the rate of energy loss are calculated according 
to eq. (12) with the values for the parameters previously 
mentioned. 

For a LiF coating of 120 iig/cm2  and a gold layer of 

A usual estimate for the variance of E. is given by the 
relation: 

2 
V (b) = 0-2 (13) = 
	// 	

a

2  , 	(22) 
ii E 

i= 1 

with 

to-2 = 
n-2 i= i 

yt  — (axi + b)] 2  . 	(23) 

(17) 
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TABLE 4 
Readings of the multichannel analyser and the electronics. 

Pulse height (V) 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 
Peak channel 84 107 130 152 174 197 219 243 265 
Pulse height 0.24 0.28' 0.40' 0.50a 
Peak channel 288 330 411 453 

' These values were not included in the fitting because there is no longer linearity between peak-channel and pulse height, due to 
saturation of the electronics or the MCA. 

Applying the above equations to the readings 
obtained for the multichannel analyser and the 
electronics side registering the triton distribution shown 
in table 4, gave: 

b = 14.06, o-2  = 1.26, o-2  (b) = 0.37, cr (b) = 0.61. 

Since the error distribution for 6 was not known, b was 
given as 

b = 14.06 +1.414 o-  = 14.06 + 0.86 

( + 0.86 representing the probable error of the value 
given for b). 
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