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Abstract

The generation, in a clean, one-dimensional assembly (NISUS),
of a permanent and reproducible neutron spectrum similar in shape
to the one inside the core of a fast breeder reactor, has licen
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 expeirimental 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 IiF layer
upon this variation has been investigated. The develorment of an
énergy calibration technique through the determination of the back-
bias of the multichannel Analyser and the energy 1§sses of the |
charged particles in dead layers prior to.detection, reduced the
uncertainties of the derived spect}a 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.havé beeh

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 IEt - Ea[.

The cost of measurements.with these spectrometers, which ig
mainly due to the short lifetime of the diodes under fast néutrcn
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 Spectra

1.1 Energy Demand and Fast Reactors

World energy demand, on a per capita base, has dramatiéally
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
an annual world energy consumption of 29‘108 Mia(th), Ref. (1) and (2).

Extrapolations of past data, made by different.wofkers, 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 uhderdeveloped countries which represeﬁt in
figures the largest part of humanity. Enérgy 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 o0il and tar sands, is

not feasible in the scale required. Adding to that the political
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implications of the peculizrity in the world distribution of the
oil reserves, both traditional and shale o0il, and the necessity to
conserve oil for specific uses for which it is irreplaceable

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

L to 6 thousands GW of electric power should be supplied by the
year 2000 by other energy sources.

The only option currently available oﬁ 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" U398 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, betweenll980 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 ;985 expanding
their caﬁacity 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,
1238 ihile at the same time producing the fissile material, Pud?,
required for power generation, increases the energy potential of the

available natural Uranium reserves by at least a factor of 60. In



addition the use of a mixture of UOZ/PuO2 to fuel fast reactors,
enables the economic recycling of plutonium and depleted Uranium
produced by light water reactors. Thus, ﬁt least from the fuel
supply point of view the fast breéder 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 radiocactivity 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 dniing 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. Sr are significantly

higher for plutonium fuelled fast reactors than for thermal systems

242 and Pu238

because of the isotopes Cm , 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 1ong'1ived

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

tern.

1.2 Measurements of Fast Reactor Neutron Spectra

To construct and operate safely and economically fast reactor
power plants of 1000 Mi(e) output, within the timetable previously
mentioned, a major research and developrent 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 Jprototype" or "demonstration" plants of the IMFBR 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, qﬁalitatively 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 factur for

reactor performance. The energ& spread of the neutron spectrum in

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

muclei require the handling of a very large number of microscopi.c

nuclear data in order to predict reactor performance and critical
ﬁarameter 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 d;ta with a

neutron spectrum calculated as the asymptotic spectrum for a given

core composition by zero-dimensional Ph or Bh approximations. In
that way in fast reactor calculations additional to the uncertainties
of the differential microscopic nuclear data (cross-sections,

angular distribufions) and to approximations and errors of the

calculational method éne has to consider the uncertainties of the

derived multigroup cross-section ;ets, 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
Pu239 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



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 helpé 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 pfedict fast reactor performance and their target
accuracies. For target accuracies, one standard deviation, of
4 0.005 in K, # 0.03 in breeding gain, + 10% in Doppler coefficient,
Ref. (9), the accuracy on spectral shape should be 3.10% 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 nof 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 techninue covering a limited



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-cofe 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 éccuracy of
+ S%.

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:

—g(—yNHE 5 = (_E) | (1.3.1)

QE)E = -

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 ti: counter sensitive region.

The gases employed to fill the counters are, pure hydrogen,
methane and propane, while gas pressures varying from‘0.5 to {0 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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wethane 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 t6 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,
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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 dise
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 becones another factor affecting
the low energy limit for the use of the technique.

Below 8 KeV, for hydrogen filled counteré 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 B,C shell

A
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.
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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,

n to 1020 n/S, neutron pulses

and high intensity, of the order 10
usually through electron bombardment of suitable heavy element
fargefs. 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 loB plug-Nal system or Lithium-6
glass or liquid scintillators. A simple Kinetics relation exists

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

giving:
L2 '
E = 522.7 ¢ QE) B (1.4.1)

where E is in MeV, Lin 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
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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,o0f the neutron detector. Unfortunately the Boron-lo‘
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 ILithium~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
Ii6(n,a)t 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 Iithium~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 highér 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) TheApossible 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 measuremcnt o; the activity emitted by
foils of certain materials as a rvesult 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 thar 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 Y-rays by the decaying
nuclides.

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

ment 6f the safuration 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.

Iﬁ 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
uwafolding 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 Y-ray foil activity, is made with Ge(Ii)
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 l%. 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 technicue 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 I I facility, quoted in Ref. (18), using 15
reactioﬁs 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 Spectrometers

Neutron spectrometers employing semiconductor diodes are
employed for fast neutron spectrometry through either the Ii6(n,a)t
reaction or the HeB(n,p)H3 one. In both cases the distribution of
the sum of the reaction-product energies is measured,which equals
En + Q. This distribution must be correéted for béckground counts

arising from neutron reactions in Si. Gamma rays present in the
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experimental environment are another source of backgrcund corants
if the He’(n,p)t reaction is used but only affect the energy
resolution of the spectrometer if the Iis(n,a)t reaction is used.

The Li6 spectrometers can cover the energy range fror 10 KeV
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 erergy measurements, has a low success rate coupled with
their deterioration and eventual breakdown under fast neutron
irradiation.

The uncertainties associated with the Iithium-6 spectrometers
mainly arise from uwncertainties in the cross—=section of the (n,a)
reaction and for energies highér than a few MeV from poor statistics,
for fission type spectra. The errors assoclated 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 t6 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 lohg run and excessive



demands 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 are 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 # Ig.

For higher neutron energies the unfolding of threshold
activation detectors and the iiG 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 ILithium-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 Timeg=uf-
Flight technique, for in-core measurements especially for smail

laboratories which do not possess a LINAC.
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Chagter 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 econﬁmy and reactor safety, the knowledge is
required of the neutron reaction rates and safety céefficients related
to the reactor materials. Computation of these integral parameters
with the accuracy required,is hindered by the complexity of the
réactor 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 supplément the previous
measurements, theré is a definite need for reliable inferccmparison
of techniques, equipment and analysis methods between different

laboratories.
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Tﬁus 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 MoV (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 iﬁ different
laboratories. Also it should be inexpénsive to produce, in contraét
with zero power mock=-up critical assemblies like ZEBRA, so that a
larger number of laboratories could be involved in Fast reactor
physics worke.

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 neutren
field" generating assemblies 22 , 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 assembl? 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 II 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 latier assemblies as "secondary".
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2.2 The NISUS Facility

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 gfaohite, 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 (nét.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 Fa;t reactors, peaking at 500 KeV. These neutrons constitute
the "direct" componentlof the central spectrum. A second'combongnt
arises from fission neutrons feflected into the natural Uranium
shell from the graphite surrounding the external cavity. This
“egraphite wall return" component, although marginal above 100 KeV,
is essentially the only contributor to the central spectrum below
50 KeV. An increase of the sizé 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 surroﬁnding
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 cm no changes are observed in the central spectrum, the graphite
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octing 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 (B,C) shell inside the
ratural 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
reactof power, the Gamma dose~-rate at full reactor power (100 Ku)
being 19 R/hr, and the integrated neutron flux 5.66 x 107 n/(cmzsec).
This gomma dose rate ensures that Iithium-6 spectrometry can be
carried out without unacceptable worsening of the energy resolution
by gamma ra& rile-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 Bhp 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 Physical Data for NISUS Configurations 1l and 1b

Natural Uraniuvm Shells

B,C
for both configurations L Shells
Inner dia. | Outer dia. Density
mm mm gm/cm>
No. § Inner dia. | Outer dia.
mm mm 1 1b 1 1b 1 1b
2 157.48 198.12
3 198.12 238.76 110 123.4 ) 144 157.4 |1.49 1.58
4 238.76 254.0

Thickness of Aluninium cladding of qu shells 1 mm

Finally, to isolate the facllity from the reactor core a

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

is located in é 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 qu shells

have access holes and graphite plugs suitable for individual

equipment are employed.




To enable the theoretical calculation of the central NISUS
spectrum using the linear Boltzmann transport equation and to
ensure ité 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 2 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 gpecial form of the SN approxination,
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 zxpansicn
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 l/zt weighting.



Chavter 3

The Iithium=6 Sandwich Spectrometer and

its Associatgd Electronics

3.1 Introduction

The high energy resolution amd excellent linearity between
incident particle energy and output pulse height, exhibited by
semiconductor diodes has found extensivé 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
Murray, 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 coincidénce,
is measured. For a given neutron énergy the summed pulse has amplitude
proportional to (En + 4.7863) MeV. A similar spectrometer but with
the Li6 layer replaced by He3 éas, 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 § 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 coqnter to a higher
background fraction from the neutron reactions in Si. Also, pulses
from the v ~radiation present in the experimental environment present
another source of unwanted background, while in the Li-6 spectrometer
their oﬁly effect is a broadening of the energy resolution. The

background counts represent a major problem for the use of these
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spectrometers at neutrcva energies in the range of a few MeV and
for their reduction the use of fast electronics is required,
Ref. (36) and (20).

From the distribution of thé 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 significént 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 backgroﬁnd of alphas and tritons arising
from neutrons with energies higher than thie 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 analysié
mainly serve to normalise the sum distribution results to the results

of other methods which cover the lower energy range of the spectrum.



Before proceeding %o cdescribe the operation of the spectrometers
and the associated electronics, it is congzidered 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 bérrier 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
8Q/pgm/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 es£ablished 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).
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In that sense, these dicdes 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 ;t a value between 0.5 and 0.7 V for
Silicon. |
| The application on the diode of an externmal field biasing
the n-type region positive, '"reverse-bias" mode, further emhances
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 lowe.

The thickness of the depleted layer in the two regions is
inversely proportional to theif 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:

o
il

(2 enee (V + v,) pn]’:’L (3.2.1)

wiere k = EOE is the dielectric constant of the crystal
W, is the electron mobility in cm%/(V-sec)

p is the Silicon resistivity in Q-cm



V is the applied tias in V

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

Using €, = 8.86 pF/m, B, = 1350 cmz/(V-sec), e = 12 for Si,

it is found:
D = 0.53 (pV)% 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:

¢ = eeo-g = 1.06 £ [F] - (3.2.3)

Charged particles entering the dépletion 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 Silicon this constant is equal to 3.65 eV

compared to 36.6 eV for hydrogen.
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3.3 The Spectrometers and the Associated Electronic System

In each spectrometer two sﬁrface barrier diodes mounted on
thin stainless steel trays are fixed at a distance of 1 mm with
their depletion layers facinrg each other. One of the diodes
carried the neutron sensitive IiF layer, enriched in LiG, which
was evaporated on its front surface. The spectrometers employed
for the background measurements ccntained diodes made from the same
Silicon batch with those employed in the foreground measurement but
without ILiF.

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 Tab}e 3e3sle The thickness of the Silicon
diodes is approximately 400 micromns. .

Table 3.3.1
Characteristics of Li6 Sandwich Spectrometers

- Silicon IiF Radius
Pair No. | Ident. | Manufacturer | resistivity | thickness | Diode | IiF
Q=cm ug/cma cm cm
‘ 675-N 20th Century 1200 4o 0.7 0.6
1 lem-n oom 1200 no Iif 0.7 | 0.6
2 01-N Harwell 1200 Lo 0.7 0.6
11-B : " . 1200 no Iif 0.7 0.6
3 03-N u 3200 120 0.8 0.7
05-B " : 3200 no Iif 0.8 0.7
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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. (42). 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
notlused if their leakage currents exceeded 2 pA. 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
fige. (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 secen 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 ms delay line difierentiation, 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
thg low=level discriminator setting, pulses corresponding to
energy deposition in the depletion layer lower than 200 KeV
are not réjected by the anti-pile up circuit. These pulses
superiﬁposeé 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 d;stributions to be measured,has been assessed
through the distortion in the response of a test pulse. As can be seen
from fige 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
in a FWHM for the triton distribution of 85 KeV, 60 KW was the

maximum reactor power used.

Table 5e3.2

Effect of Gamma Rays on Resolution

Reactor power Y ~dose Resolution (FWHM)
KW R/hr KeV
15 3t ' 19
30 ‘ 6.7 4o
60 13.4 82

To prevent base line shift introduced by high counting rates in
the presence of Y -=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
Y -ray background pulses but also for measurements of spectra vith
large neutron densities at thermal energies where the cross section
of the Ii=6(n,a)t reaction has a value of 943 barnms. In the
NISUS measurements the presence of a Bhp shell did prevent such a

case, but during measurements carried out in themmal columns to
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establish the stability of the back=-bias under different counting
rates, these systems prevented 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 Ii-6 (n,a)t reaction. The mindmum possible producé 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 LiF
and gold layers the discriminator is set at 1.35 MeV. The linear
gate and integrator width for optimum resolution in the presence of

Y «fluxes was set at 1 us.

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
inducéd 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 e 3.4.2 for the holes in

the case of thype Silicon base, as it is in surface-bérriers.
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A, = qw;d'[l-.-exp (-%—)]
. e

AQ, = qw;d'[exp &) -l]‘

t

h
time required by the electron and hole respectively to travel

where W is the depth of the depletion layer and Te and T, is the

distances (W - d) and d till they reach the electrode of opposite
sign. These are equal to (w?/allev) and (w2/211hv) 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> « , ﬁhile 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. (i4),
bave 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 deplefion layer so that the holes can be considered to be
collected by the negative electrode (gqld) 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:

(3.4.1)

(3.4.2)
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QML - exp (~t/7 )]
: (4Ey W
Q = ofF) 5z

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 Q-~cm W = 185 microns

P %200 Q~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 ﬁarticle energies higher than 3.0 MeV, Ref. (45)
and data given in Ref. (48). From this table and the depietion
layer depths calculated above it is seen that the requirement
R < W is satisfied for all alpha particles in the energy range of
interest ( <10.0 MeV) and by tritons with energies lower than 7.0
MeV which is the maxdimum triton eneréy 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 pulsé shaping takes place in thevpre-

Amplifier, the chape of the voltage pulse which constitutes the

(3.L.3)
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Table 2- l".l
of alphas and Tritons in Silicon

Particle energy

Range of alpha

Range of Triton

(Hev) gm/cm2 cm gm/cm2 cm
0.0989 0.2358E-3 0.1012E=3 0.14513E~3 0.1940E-3
0.3000 0. 4584E-3 0.1967E=3 0.9512E-3 0.L4082E~3
0.5911 0.7201E-3 0.3090 =3 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 0.2087E~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 0.5492E-2
3.5321 0.3915E-2 0.1680E~2 0.1591E-1 0.6828E-2
39955 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 0.3410E~2 0. 3440E-1 0.1476E=1
0.9586 0.9902E-2 0. 4250E-2 0.4359E-1 0.1871E-1
8.1180 0.12l1E-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 0.73%69E-2 0.7833%E-1 0.+3362E=1
11.0486 0.1979E-1 0.8493E-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 t6 be the same
with that given by equation 3.4.3 in a simplified model. For an
electron mobility of 1350 cm™/(V.sec) and 100 V bias the value of
Te is 1.3 ns for 1200 §l=cm diode resistivity rising to 3.7 ns for
3200 fl=cn resistivity, giving for the rise time of the voltage
pulse, which according to equation (3.4.3) would be equal to 2.2 Tos
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 integratirg 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.

(¢) 1If conditions (a) and (b) above are satisfied, and
T= Tint. = Tdif' >> Te’ the output pulse from the integrating
stage would have th: 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 VY~dose is reduced when the
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shaping constant i3 greater than % of the width of
the linear gate and integrator, which was set at lus

for the measuring system employed here.

If the shaping circuit constaant is set at 0.5 us to satisfy
(a) above, then the rise time of the output pulse from the main |
Amplifier would be 1.1 ys 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 signél from the low level
discriminator of this side, will be delayed due to time walk on
the high level disériminator 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 resclution if the differentiating RC
circuit is used since it would increase the duration of the shaped
pulse.

For thié 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 putse follows an exp(=t/T) éhape, 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
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compatible with transistorised head amplifiers Ref. (47).

A simple calculation based on the relation
E . (t)~ B [1 - exp(~t/T)]

for the time required for an output pulse with energy amplitude
E&n to reach the 1.35 MeV threshold of the high level discriminator,
for different values of the integrating circuit time constant, gives

the results of Table 3.4.2.

Table 2.4-2
Time (ns) for the output pulse to reach the

1.35 MeV, discriminator level

Ein(MeV)

T(ns) 1.5 1.8 2.0 2.5 3.0 i.0 5.0
20 L8 28 23 16 12 8 6
30 : 72 2 3k 24 18 12 9
50 120 20 | 57 Lo %0 20 15

These values indiéate ﬂhat for T = 50 ns and a coincidence
resolving time of 50 né, 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
spectirometer in the thermal column and measuring the alpha, triton and

sum peak energy distributions under different setting s of the




1s00ca

-
o
0
O

CHANNEL PER CHANNEL

100

i

-59-

COINCIDENCE
EESOLVING TIME
B0 us

— . —INTE&RATOR
! TIME CONSTANT

4

— NTEGRATOR
TINME CONSTANT
20 us

— ——INTEGRATOR
TIME CONSTANT
S50us

————

10
&0 G0

Fla.3.4.1°0

100

150 200

CHANNEL N2

ALPHA AND TRITON PEAKS FROM

THERMAL NEUTRON IRRADIATION FOR

DIEFFERENT INTEGRATING CIRCUIT TIME
] T lad




COUNTS PER CHANNEL

o000
COINCIDENCE RESOLVING
TME S50 w3
| — . — INTEGRATOR TIME
] CONSTANT 20 us
1 —— INTEGRATOR TIME
CONSTANT 30 us
i (=lelo) BN F— — — INTEGRATAOR, TINME
! CONSTANT 0O us
100 |—
10 l | | | | l | | | 1
60 200

CHANNEL No.
FiG. 3.4.2° SUM PEAK FROM THERMAL NEUTRON
IRRODIATION FOR DIFFERENT INTEGRATING
S =S TIMT CONSTANTS .




- 61 =

amplifier and coincidence units. For a coincidence resolving time

of 100 ns no appreciable change was observed between the distributions
measured with a 20 and 30 ns time constants on the integrating

circuit of the Amplifier. Increaéing this time cdnstant g? S0 ns
resulted in a lower coincident count rate and a réduction in

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

fige 3.kl and 3.4.2, and the coincident count rates are given in

Table 3.4.3 (counts per minute).

Table 20 l+¢ 2

Coincidence count rate for different settings

of the shaping and coincidence constants

Coinc. Res. time Integrating circuit time constant (ns)
(ns) ~20 : 20 50
100 347044186 344424185 321224179
50 346674186 314405+185 322374179
20 34750+186 . 344884186 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. Aléo this value

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

secticn by a factor between 3 and 5.
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Chapter 4
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 Iithium-6 sandwich spectrometer
operating in the Sum and Triton modes.could 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 ir, would result in a better application
of the Lithium-6 spectrometers for measurements of Fast Reactor

spectra.

4,2 Feesibility of Srectrum Measurements in NISUS using

the Li-6(n,a)t spectrometer

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
ILi-5(n,n')a-d reaction and at even higher energies (Eﬁ> 3,185 MeV),
(n,p) absorption is also poséible. The cross sections of these

reactions are shown in fig. (4e2.1).

Table 4.2.1

Neutron reactions with Li-6

Reaction ‘. Q(MeV) Threshold energy

Elastic scattering

Li=6 (n,y) Li=7 7.252 Exothermic
Ii-6 (n,a) t - L.786 Exothermic
Li-6 (n,p) He=6 -2.733 ' 3,185
Ii=6 (n,n') a~d )inelastic |-1.471 1.718
Li-6 (n,n*) Li®e{SCatbering| o -oqeq=5 4,158

These reactions could distort the measured distributions in

two ways:

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

toincidence could produce a parasitic count

(b) Neutron scattering in the LiF prior to (n,a) absorption couid
affect the measured distributions by distorting the spectrum

t0 be measured.



- 6L -

From fig. (4.2.1) it can be seen that the cross sections of
the scattering reactions are comparable with that of thé (n,a}
reaction for neutron energies higher than 30 KeV, while (n,p)
absorption could interfere above 4 MeV. Nevertheless thc positive
and high Q value of the (n,a) reaction and the negative @ 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 IiF 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) apd (n,p) reactions
respectively should be 7.519 MeV (=Qn,a - Qn,p), and the minimum
possible energy for a neutron to produce an unwanted (n,p) pulse in

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

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

ones measured in the same chaunel would be:

c, : «p(En + 7.519) 6n,p(En + 7.519)
®n,a (g ) 6(E )

For a NISUS type sbectrum 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™* to 1077, and the
(n,p) reaction poses no problem for the sum counts distribution.

~-For the triton technique the low energy boundary fﬁr the
distribution to be anmalysed is 2.?3 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
sn 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 chamnnel, 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
] ]
NE') = Z exp (- 2=)
72 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 shéfed between the alpha and deuteron products of the reaction

is defined as:

Siox = By =Bl - 1.471 (MeV)

where E'min 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 Smax > 2.70 MeV giving for E 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 Ii-6(n,n')a=-d reaciion

Energy range for
Primary Neutron energy T N(E'?y> 0.5Nmax
(Mev) (MeV) (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
8.00G 2.720 0.495 * 7.250
©10.000 3;6140 0.834 * 9.750
14,000 , 5.513 , 1.280 ¥ 14.750

For a count from this feaction 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 maxdimum sum of the alfha and
deuteron energies can exceed 4.786 MeV, and the (n,n')a—d counts

registered in a channel corresponding to energy

S= E + 4,786 MeV (4.2.2)

would be
6y () = f (®) o (5) Nz B)az | (h.2.32)
o

n .
min
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with  E o= S+ LML+ B (5, . ) . (v)
mn ) ) min
and E' = E-1.74 -% . | (c)

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

be

Cn,a(s) = @(En) d(En) - | (4.2.4)

Since N(E',E) is smaller than (eT(E))"l, if the latter is used to
evaluate Cn,n‘ it would result in a more pessimistic value for the
ratio cn’n,/cn’a . Evaluating equation (4.2.3)(a) under this
assumption for N(E',E), over constant flux energy groups, with a
maximunm neutron energy of 14.0 MeV,using the theoretical fluxes,

it is found that even for neutron enefgies (En) higher than 4.0 MeV

(8) is smaller than 0.5% of C, a(s) and can be safely ignored.

c
n,n' '

Neutron scattering in the LiF could interfere with the spectrum
measurement only when the scattered néutron 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 IiF only
through its bases, which is justified since R >> d, and an isotropic
neutron field, then the pathlength in IiF of a neutron travelling
along a direction with a polar angle 6 from the spectrometer axis

would be:

e £%° . (4.2.5)

]
%
o
L}
8
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where @ is the thickness of the ILiF and R its radius. Consequently

the probability for a neutron to undergo scattering would be:

Zad

5
P_ (cos 8) = cos e [1 - exp(~ _56-5—9—)] (4.2.6)

Since 4 << 2R and R is of the order of a few millimetres, while
Zs reaches a maximum value of 0.433 emT at the 247 KeV resonance it
is:

Za
P (cos @) £ cos® -2 . - Igq (4.2.7)
s ,

cos © s

The scattered neutrons would also belong to an isotropic neutron
field and their pathlength in LiF would be equal to d E'/cos O,
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:

. 7 zn a(E' ). ds
' = - - 2 dcos®
P n,a (%) dslgg [1 - exp( e ) deo

2R 2R
- Zn’a(E') d_ 1n E; < Zn,a(m') d 1n 5= (4.2.8)

And the (n,a) reaction rate at energy E_, induced by neutrons with
initial energy E which first have undergone scattering by Lithium-6

would be:

Rén;a) (En) T S(E).d_q,(E),P(E + En)'P(n,a)(En)dE (4-2.;9)

which according to equation (4.2.8) is smaller than:
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ns(n’a) () < z(n'a)(En).da.ln 2§ _E/ZES(E)Q(E).P(E E )dE

giving for the ratio:

Rs(n,a)(En) 2R 1 f
W <am &, o) Ez s(E).g?(E).p(E E )dE (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 En 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
for Rs(n’a)(gn). Elastic scattering of a neutron with energy E by
Iithium=-6 produces a neutron with energy in the range 0.51E to E,
thus the maximum energy (E) which needs to be considered for
E, <10 KeV is E = 20 KeV. In the range below 50 KeV, I _is
constant and equal to 0.043 cm™~. For d = 120 ugm/cm and R = 0.7 cm,

inequality (4.2.10) becomes:

B (n,a)(E ) s 1 E /0.51
8 n 0 >
m < 2.05'10 3@ g‘ ¢(E) P(E En)dE
n

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

smaller than 107¢ even if P(E - E) = 1.
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For energies higher than 10 KeV the integral in (4.2.10) was
evaluated with boundaries B to 1k MeV , P(E—E ) = 1. Even with
these pessimistic assumptions it was found that for En up to 8.0 MeV
it is Rs(n’a) (En)/R(n'a) (En) <290, Thus scatteﬁng by Iithiume=6
can be safely ignored in measuréments 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 Silicone.

Table 4.2.2

Data for neutron reactions in Silicon

Isotope Abundance Reaction Q~-value
% (MeV)
Si-28 92.21 gn,p)Al-28 ~3.857
n,8)Mg-25 -2.655
Si-29 4,70 €n,a;1‘4g-26 -0.036
\n,p)A1-29 62,980
Si-30 3.09 En,aglfg-ﬂ -4, 213
\ n ’p "8 .070

The most important of these reactions are the Si-28(n,p)Al-28
and Si-28(n,8)Mg~25 ones, given the isotopic abundance of Si-28.

Considering the mass difference between the reaction products almost
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éll 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 pulsc,produced in the Silicon bulk
of the diodes, to be allowed threcugh 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
reéctions, for a neutron energy E , are 0.86(En-3.857) 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 (n,p) reactions have cress 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 ILithium reaction,.the minimum energies for the
impinging neutrons should be 9.4 and 7.6 MeV for the Si-28(n,§)-and
5i~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 ( ~ 60 mg/cm2 of Si) showed that these background counts

constitute a non negligible fraction of the coincident Li-6 counts,



at high energies, the moin contributor being the (n,p) reaction.

The spectrum at the centr: 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 Q -cm
and 3200 ! -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, eve shown in fig. (4.2.2) together with
the total distribution measured with a spectrometer containing
3200 Secm resistivity diodes and a 120 ugm/cm2 IiF layer. From
this figure it can be seen that the 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 Hg/cma. Using a 40 Hgm/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
spectrunm can be measured up to high neutron energies (8 MeV) with
1ithium-6 sandwich spectrometers, provided that a correction is made
for the Silicon background grounds and thick LiF foils are used wifh.

increased resistivity diodes; to provide adequate statistics.

4.% Formulation of the Response Matrix for the Sum and

Triton Energy Distributions

The formulatioh of the response matrix for the analysis of the
Sum counts distribution is straightforward.' The measured parameter,
vwhich is the Sum of the alpha and triton energies is related to the

neutron energy by:

S = B +Q (Q= 447863 MeV) (4.3.1)

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

p(s) d$
Viaw Z (n,a)(En)f S(En)

®(E )dEr (4.3.2)
where VLiF is the IiF volume and g(En) the "Geometric efiiciency"
of the spectrometer, (Section 4.5).

The use of a multichannel Analyzer with a finite chamnnel 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 invchannel i with energy boundaries Sj
and Sj + AW is related to the neutron spectrum, according to
equations (4.3.1) and (4.3.2), by: |

S.=QrAW

D, = V.. #(E) ¢ (B) <(8) aE (4.3.3)

J
j LiF
85-Q

The low limit for the energy width of each channel ig 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 inpﬁt-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 meaocimum
of 40O channels. During each measurement Sum energies from L,7863%

MeV up to 13.7863 MeV were recorded, corresponding to neutron energies
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from thermal to 9.00 MeV, and ZZ0 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 énd 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 te 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
grédient'like the fission spectrum and a 1/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 siﬁilar variation with energy is
acceptable for the cross section of the Li=6(n,a)t for enefgies

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

S ;=@+.15 §=+.15
iy e [0 E
%3 “'Ea'+%fs O(E) o(nq) ENE~e gy [ 2
‘ i 5iQ

: 0.15
3 0 a)(E,~+0.15)

=

If alternatively the product @(E)o(n a)(E) was considered
. b

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

(4.3.4)
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group energy, Sj-Q+0.075, the result would bhe:

0.15
€ .
+3 (SJ,-Q) [(Sj-Q)+0.l§] + 0,075°

(4.3.5)(a)

the difference from equation (4.3.l4) being smaller than 0.1%.
At lower neutron energies the energy width of each group used
for the analysis of the Sum distribution is emall, 60 to 70 KeV, so

that it can be written:
= A‘
Piug = DLW
giving
= . . | «3.5)(b
Dj 9443 é.ﬁl*’% €43 AW | (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.néutron flux at Ej+%'

If the finite energy resolution of the system is considered
then equation (4.3.3) becomes:

sj+Aw -Smaqu ' ‘ o
Dy =K [ as f (51> 5)8(s'=Q) . c(s'-Q) . c(s'~Q)as' (4.3.6)

% S . ~Q .

min

vhere P(S' +S) is the resolution function of fhe system describing
the probability that a reaction resulting in a value S' of the

measured parameter will be recorded at an energy Se.
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Considering the multigrouy approach as before, equation (4.3.6)

can be written:

N S4W S+W
=§ . as [ P(s'» s)as' =
% Pivd Zl+%sl+%f f (5% 5)
i=1l S, S
i i
N
N
DI NLRTFY
i=1

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 dppendix A it is shown that:

(4.3.7)

Et(En’G') = fl(En) + fz(En) . cose! (a)
and o | (43.8)
Ea(En’e') = B +Q- Et(En’G') (b)

For irradiation in an isotropic neutron field the probability
per unit neutron flux at energy En, that a triton with energy within

dE, at E, with E (En) <E, <E, (En), will be detected in one
min max

of the diodes.while the glpha product of the reaction will be detected



bty the other diode, is:

—_ ] 8 |}
pEn(Et) B, = o(En) . g(En) . PEn (cose (Et,Eh)) dcose (4.3.9)
where PE (cosQ‘(Et,En))dcosg' 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 dcos®' at cos®' determined by equation (4.3.8)(a). According
to the definition of the angular cross section of a reaction, it will

be:

2n QQ'(En’cose'(Et,En))dcose'

Py (cosG‘(Et,En)) deos@! = (4.3.10)

n - 6(B)

: - n

Considering equations (4.3.8) (a), (4.3.9) and (4.3.10) together,
it can be written that:
' 2n 641 (E_,cos0')
AV

%#a)= o(8) (&) (4.3.11)

o(B ).1,(E )

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 possidle. For higher neutron energies the Sum
distribution is preferable since it is simpler and exhibits higher
neutron energy resolution; as will be discussed in S5.1.

From the reaction Kinematics the maximum and minimum triton and

alpha energies can be computed as functions of the neutron energy.
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Their respective values according to equations (17), (18) and (14)(a)
of Appendix A are drawn in fig. hL.3.l.

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 En3> LOO KeV
to the counts at energy E is:

¢ (B) = B, (E= Et)‘+ P, (E=E) | (h3.12)

vhere Py (E = Et) is the function calculated by equétion (4.3.11)
and PE ?E = Ea) describes the probability for the production of an
alpha :ith energy E = Ea' This probabiiity can be calculated also
from equation (4.3.11) if E, is substituted by the energy E', of the
triton corresponding to the alpha with energy E, which according to
equation (4.3.8)(b) is:

E'y = E +Q~E

Naturally if E > E, (gn) or E>E (gn) the respective
max amax

contribution in equatioﬁ (4.3.12)lwill 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 structuré
is defined, Ref. (33), so that if Edj+l'is the upper energy limit

of the j~th distribution group, then the upper energy Ej+ of the

1
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j=th neutron group should satisfy the equation:

a
E. = E (&
il tmax

j+l) (4.3.12) (a

Since for a given neutron energy it is Et > Ea s 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 Cp (E) vetween the
n

boundaries of the distribution groups yields the elements gij in

the following set of simultaneous equations:

N

by = ZRij o; €5 Py (5=1,N) (4.3.13)
i=j

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:

N N
%~ ZR'kJZ Rie 9%1 P (4.3.14)
| k=l - i=k .

where R' is the system resolution function. The resolution functions
used for the analysis of the Sum and Triton distributions will be

discussedhin section L.7.

.4 The "Geometric Efficiency of the Svectrometer 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 IiF 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 diédes. 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° 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 IiF layer relative to the dicdes, that is whether

it is evaporated on one of the @iodés or suspended between them on

a suitable backing. If LiF layers are evaporated on both dicdes the
situation is the same as if onl& one of them carried IiF, because

of symmetry.

When the spectrometer is irradiated in an isotropic neutron
field the macroscopic emergence of the reaction products from the
LiP layer will also be isotropic,.no matter what their angular
distribution from a particular reactién is. Given the geometric
data of the diode sandwich and ILiF, 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:

R 2n T 180°
r de E
.e(En) = U/.P(r)dr T dcose Pl (S)P2(9,¢,s,r)ds
0 0] 0 S

min

(4b.1)
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where r,¢,8 describe the ralius at which the reaction
prroducts emerge on the IiF surface, and the
direction of one of them ( ¢ on the horizontal

plane, © polar angle).

PiE(s)ds describes the probability that the angle
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.

'P2(9,¢,s,r) describes the probability that a coincident count

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

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

the neutron energy through PlE(s) and Smi (E). For a given spectrometer

n
design this probability has been termed as the "Geometric efficiency"
of the spectrometer, Ref. (53).

Although in the above formulatian effects of the high
discriminator setting and the thickmness of the LiF and gold layers
have been ignored, even then the analytical calculation of the
coincidence probability P2(6,¢,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 P2 is simpler leading to fuﬁctions vhich can be
integrated by .analytical methods, Ref. (53) and (54). Nevertheless

this assumption leads to significant differences from the accurate
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golution for neutron energies lower 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 té 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 LiF, ewvaporated on the lower diode, both entering the upper diode
is gpax = 2 tan-l(RD/d), where Ry is the diode radius and d is the
distance of 0.1 cm, Unax 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 efficiency,[§quations (4.3.2)
and (4.3.9)], any uncertainty of the geometric efficiency, would be

applied directly to the neutron flux, since:

k- gi ves d‘I’ = de

®(E) = E) 3 - (4.4.2)

Thus to mzke épectrum measurements of high accuracy and to enable

the compzrison of resulis obtained with spectrometers of different
design and/or LiF and gold layers, the accurate knowledge is required
.0f the variation of the geometric efficiency with neutron energy.

For irradiation in an isotrgpic neutron flux, if simplifying
assumptions are to be avoided, the accurafecalculation 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 8ilk 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 IiF suspended between the iwo dicdes
irradiated in isotropic and directional neutron fields, in Ref. (35)
and (56). In all these calculations the IiF was considered to have
no thickness.

In the present measurements tﬁe IiF layer was evaporated on
one of the diodes and the neutron field was isotropice. 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
vas carried out in a number of steps in order to étudy the effects
of different parameters.

At the first stage the reaction is considered isotropic in
the centre of mass system and although the IiF 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
qu 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,

ﬁgo (1*03.1).
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For the second stage the evisotropy of the reaction in the
centre of mass system was taken iuto account, and in a third stage
the effect of the energy losses, suffered by the reaction products
in the IiF and gold layers, wers alco considered. These energy
loeses 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 sﬁbtracting the encrgy losses, is lower than the high
level discriminator threshold.

(a) Layout of the calculation.

The geometry of thé problem is shown in fig. (4.4.2)(a)e 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 dp is introduced, which is set equal to zero
vhen the IiF is evaporated on the diode. The geometric data required
for the calculation are the radiué and thickness of the ILiF, 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 ILiF.

The neutron pathlength in the LiF is then calculated and the neutron
is forced to react with Ii-6. This forced reaction method, is
necessary because of the low macroscopic cross section of the (n,a)
reaction and the small thickness 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 direc;ion cosines

and at a particular point of the IiF surface. The sum X Wi of these
) : i=1
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weights represents the total number of (n,a) reactions taking place
in the IiF 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 spectrcmetexr
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 Wi 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 rafio:

N
2. ki, ,
e(5) = L | (4. 4a3)

i=1

where k

1l 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.
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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
direction 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 PlE(s) [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 pat of the program will
now be described. | |

(vb) Neutron entry in IiF.

The I4iF layer is a cylinder with height dLiF 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,
fige (4.4.2)(b). The direction of a neutron is defined by a set of

values for (cos@,¢), fig. (L4.4.2)(b), vhich can take values in the

ranges:
-1 <cos0 <1 (0< 6 <) (2)
(4ol )
0<p<  ar ' (v)
For isotropic neutron fields it is:
P(cos®) = 1/2 h : | (a)
-~ (4.4.5)
P(e) = 1/2x : (b)
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If the scalar neutron flux is<b(n/cm2.sec), the rate at which
neutrons travelling within d? at 2(:0s8,¢) cross a differential

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

~% -%%-dcos@ o dpo  (vcosedA) = %% cos® dcose de dA (4.4.6)(a)
Integratioh over (0 < ¢ <2m) gives the rate at which neutrons

cross the above area, having a polar angle with d® at ©, :

% COSQ . dcos@ . dA (lfol”OG)(b)

Further integration with respect to cos®, with limits =1 to 1, gives
the rate at which neutrons enter a cylinder with base area dA, through

its bases:
d
de = 3 dA

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

R, = 2 o (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 4 at {cos®,p), the rate

at which they cross this area would be
1 @ PR
= gy dcosd.de . (Vsin® siny) dA (4.4.8)
U .
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where y is the angle formed between the tangent to the circuler
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 O and 2z and is zqual
to (o= w) + -1-2{—75 where k = 1,3,7 depending on the relative position
of ¢ and w. Thus for a given w it is d¢ = dy and for a neutron fo
cross the area dA inwards it must be 0 <y <w.

Integrating equation (4.4.8) according to these considerations,

it is found that:

™

1 .
dRL ztiiA f sin® dcosO f siny dy =

o 0

2 (E.
5 (.2 1) da
VIntegration of dRL over all the lateral surface yields:

R, = .R.d (-g--l) ‘  (8h.9)

Thus the probability for a neutron entering the IiF to have

its entry point on one of the bases, is:

%

The sequence of events for the neutron entry in IiF is formulated
according to the formulas obtained. Tirst the values for cos® and ¢

are selected in the range defined by équation (k4.L4.4) 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 = sin®cosy ,
b = sinBsing , ¢ = cosB. Then in order to avoid wasting computer
time, all neutrons tracked are forced to enter the LiF. 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, Vg zE) being determined
through equations Xp = IeCOSW, ¥p = r.sinw with r and v selected
in

0 <r< Rip

0 <w< 2x;

with probabilities

P(r) = 22 r dr
R 1aF
"
P(w) = 2%

Depending on the sign of cos®, zp will be equal to zero (cose >0),
or to dLiF' The entry weight for the neutron will be, according to
equation (4.4.6)(b):

wp = coso

If the neutron cntry point is on the lateral surface then Zp is
selected wniformly distributed in (o’dLiF) and xp = RLiF . COSW,
Vg = RLif o Sinw. In this case w is selected with constant

probability in [0,21t), but in order to ensure entry it must also
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satisfy cos(p-w) > 0 so that 0< y <m. If the w value selacied
does not satisfy this criterion then without loss of randomness the

value (w + =) is taken, or (w - m) if w> =.
The entry weight for the neutron in this case, is according te

equation (4.4.8) and the relation between y, w, ¢ 3

wp = &in@ . siny = siné . cos (o-w)

(¢) Reaction modelling in IiF,

From the first part of the simulation have been derived
the direction cosines (a,b,c) and entry point co-o;dinétes
(XE’YE’ZE) of the entering neutron. The neutron reactions taking
place in ILi¥ are modelled,‘sonsidering the distribution of Li-b6
atoms to be homogeneous. The only neutron reaction to be considered
in IiF is Li-6(n,a)t since the occurrence of other absorption
reactions has a negligible probability as discussed in section h.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(~ Z1)] where 1 is the neutron path=
length in LiF. If neutrons crossing the lateral surface of the LiF
are ignored, then 1 = d/| cos®|] where d is the LiF thickness and ©
the angle between the neutron direction and the spectrometer axis.
For an isotrepic neutron flux the probability of a reaction induced
by a neutron travelling along a direction determined by cos6é would
be cos® [1 - exp(~zIl/ | cosel )1. To avoid the value O for cocd

a minimum value for cos@ equal to %ﬁ is set corresponding to the
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maximum possible value for 1 which is [d° + (212)2]:2L ~ 2R.

The maximum value for ¢ .for neutron energies higher then

n,a
10 KeV occurs at the 247 KeV resonance and is equal to 3.2 barns,
giving 2 max = 0-193 em L. Also the maximum value for Zd/cos®
would be 2RZ s (cos® = a/2R), which for a 0.7 cm LiF radius has a
value of 0.27. Working within such a range, the approximation
[1 - exp(~ $d/ cos® )] ~ 5d/cos® can be made, giving for the
probability of a reaction quoted in the previous paragraph, a
constant value yd. For IiF thicknesses up to 240 Ugm/cma, Id
would be smaller than 1.8%10™ and a large number of néutron
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, =
1 - exp(~ A) 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(s) = Zedt.exp( zt)
| 1~ exp(~32)

with O< t< 1

vhich 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
roint lies on one of the bases, or the lateral surface. For the

first case it is:
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H=-2

1= ~cos ©

with the following cases distinguished for H:

entry point H
base, z = O d
base, z = d 0
lateral surface, cos® ~0O d
lateral surface, cos6<0 0

if cos® = O then 1 = 2R.sin(w-¢).

If the exit point lies on the lateral surface, 1 is determined
from the equation of the cylindrical surface, x? + 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, = X + at, Yp = Vg + ?t, ?r = Zp + ct

and the product of the weights LAY applied to each neutron history
represents the probability for a neutron having direction cosines
(a,b,c) to enter the ILiF layer at the point (xE, g zE) and produce

a Li-6(n,a)t reaction, thus:

= Wyt ot i =
Wi = we Wl 1= 1,2’ eeolN

(a) Direction cosines for the reaction products in the spectirometer
system of co-ordinates and reaction product energies.

If isotropic emission in the centre of mass system of the

reaction is assumed, then the cosine of th2 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 cos8' =
~1 + 2r with r a random number equidistributed in [0,1].

Then from equations (35) and (36) of Appendix A, the energies
of the two reaction products for the selected cos®' 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 trifon and alpha
directions with respect to the spectrometer axis an intermediate
reference system is considered (Ox'y'z') shown in fig. 4.k.2(e).
The axis Oy' of this system coincides with the neutron direction,
the axis Ox' is normal to On and lies on plane x0Oy and axis Oz
is the intersection of the planes drawn normal to On and Ox'
respectively, from the originvo. The direction cosines of these
new axes with respect to the spectrometer axis system Oxyz are
given in Table 4.k.l.

Table 4.4.1

Direction Cosines for the Intermediate Reference System

A B c
ox! (i) b + a 0
= (Zn2) = (22) |
oyt () a b c
Oz! + e + De | + (a2+b2)%
T (a2 = (@2 -
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(l) These are the direction cosines for the neutron

derived in part (a).

(2) The upper sequence of signs corresponds to b > O 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:

ru Ax' Ay! Az! e '
v = Bx!' By! Bz! v!
w Cx! Cy! Cz! | w

L. L

To determine the direction cosines of the triton in fhe
intermediate system, the angle q is selected, fig. (4. 4.2)(e)

wniformly distributed in [0,2n), so that

] - 3 3
uty = 51an51n9t

] -
v, = coaet

] -~ =3
w, = cosq.s:met

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 qQ, =®+q and the direction cosines of
the alpha particle in the intermediate system are:

' = -ging.sind ' = cos?_, w' = =cosq.sin®
ua slnqsla,va oaauz Qe S e
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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 - dL within the circle xa + ya = R%;
Fige (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
& new neutron. If all three tests are satisfied, thevweight W, is

added to the coincidence classification.

(f) Anisotropic angular distribution of the reaction prodgcts.

Experimental evidence, Ref. (57), shows that the reaction
exhibits anisotropy in the angular distribution of the rex. n
products in the centre of mass system, especially at low encrgiese.

In order to test the effects of this anisotropy upon the
geometric efficiency, the . selection scheme for the cosine (cos@‘) 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 werelused 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 cose!
being a 3rd and 4th order polynomial of cos®'. Random seleciion
of cos®' requires the solution of the corresponding equations which
could be time consuming,‘since not all types of L-th order algebraic
equations can be solved analytically. For that reason cos0' was
selected by the "von Neumann" device, as described in Ref. (60).

1
Since the area defined by .f cﬂ (cose') dcos®' is not very much
=1 o

: 1
smaller than 2(6S2)max (= ’[1 (oﬁ)max dcos®!) the efficiency of

this technique is high and rarely it is needed to repeat it for

the selection of a value for cos6'.

(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 emergy loss
for alphas and tritcns in these layers and their ranges, calculated
according to Appendix B are shown in fig. (4.4.3)Vand ()
respectively. The range-energy curves are fitted by formulas of
the type R(E) = aE’, giving linear dependence for 1nR versus 1lnE,
over broad energy rangés, 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 valueé 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 considéred, and better thén 2 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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- 105 -

are given in Table 4.4.2, for range units of g/cma.

Table lh Lf’o 2

Fi.tting parameters for the range-enerpgy relation,

for alphas and tritons in LiF and gold

LiF Gold
Particle Energy (MEV) Ina b lna b
Alpha 1.0 <:Ea<:2.15 ~-7.186 |1.025 -5.33% | 0.748

2.15< Ea\< l*oso . "7.3"*1 1.235

(2.15<:Ea< 4.95 for ~5.450 | 0.908

gold)

4.50<:Ea<10.o ~7.765 11.512 =6.216 | 1.33%6
| Triton | 1.0 <E<3.0 6.198 |1.356 | -h.us1| 1.o041

3,0 < Et<13.0 -6.391 | 1.579 -4.814 1 1.359

Since fhe rate of energy loss experienced by the Tritons is
considerably less (NJL/E) than that of the alphas, there is much
greater probability for a coincidence to be lost because of tka
energy loss suffered by the alpha. The range of the alpha particle
in IiF is calculated by the fitted range-energy curve for the
energy of the alpha particle computed by the reaction Kinematics.

Its pathlength in IiF 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 Ii¥. The energy
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of the alpha as it leaves the IiF is found from the relation

R = aﬁb wherebR is the residual range. If this enefgy 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 ILiF 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:

X = bex, (mod M)

r+l

with appropriate values of b,M and a starting value‘for X . From

this sequence random fractions are produced using

R = xn.z".M
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 cos® and @ s 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 tzn
consecutive random numbers and should not repeat itself unless
some 105 —1-106 random numbers are generated.

The particular generator employed has been developed by the

Nottingham Algorithms Group, Ref. (62) and generates two separate

sequences:
X141 = bl.xlr.(mod M)
Xo 1 = ba.xar.(mod M)
which are used to form: X = X X .(mdd M).

r+1 1ot T %241

This method provides one additional test for randomness and
with a value of M equal to 21*6 s the maximum integer aliowed by the
CDC 6600 computer being 2“8-1, 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 progfam 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 Woy 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 cos®' upon the neutron energy, results in
the direction cosines of the triton and alpha becoming functions of
the neutron energy and no signifiéant reduction in coﬁputing time is
achieved if several neutron energies are processed during each run of

the programe.
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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
N/m histories. At the end of the computation for each group the

following variables are given:

N,
i
(1) Geometric efficiency, € = -11%2:--—-
i
3w,
=1 9
N.
S 2
the sum S; = D (K.W.)
B I
J
N
i
(2) The number of reactions r, = . ‘dj and
. j=1
N.
Xy 2
the sun S, = Z Wj
J=1

N

i
(3) The number of neutrons entering the LiF layer, n, = > W and
=1 73

Ni 2
the sum 5, = (Wl )
3 IR

(4) The probability for a Li=6(n,a)t reaction in the IiF per

neutron entering it P, = r./n.
i 74
(5) The number of neutrons entering the IiF foil through its

lateral surface:

where My = 1 if the neutron entry point lies on the lateral

surface, otherwise zero.
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From the values of the variables Tie Py ng, 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 equatien (4.5.10) this probability equals

4 for a ILiF layer of 80 ugm/cm2 thickness and radius 0.6 cm.

0.186%10"
If it is assumed that these neulrons cross one of the bases upon
exit, the reaction probability for each of them would be [1-exp(~= £ z/cos8)]
with O <z < dIiF' This probability is smaller or equal to that for a
neutron which entered and left IiF through the bases, hence the neutrons
entering through the lateral surface do not affect the reaction modelling
which together with the reaction product préduction, are the factors
affect;ng the geometric efficiency. Nevertheless if one wants to use
the methods of neutren entry and neutron rcaction modelling, described
wnder (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 IiF, considering only
neutrons crossing through the bases, would be 2X 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

~



30000 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(£,a)t reactions leading
to a coincident count per N source neutrens, the other is the corres-
ponding number of reactions in the LiF. An estimate of the variance
of these variables is obtained by

N .
2 1 2

(N -1)

where Ei = kW, for the first and Ei = W, for the second.
According to this equation it is found ihat for 10000 source neutrons
the relative errors on each of these two variables are smaller than
0.05% 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 ' theAstatistical error of the

calculation. This is not unexpected since the macroscopic
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Table b.h4.3

Geometric Efficiency Variation with Neutron Energy

Configuration 1 Configuration 2
Neutron energy

(MeV) (1) (2) (3) (1) (2) (3)
0.00 0.708 | 0.707 0.736 0.709
0.05 0.708 0.708(3) 0.705 C.736 0.736(a) 0.703
0.10 0.708 | 0.207 “|o0.7203 | 0.7%6 | o0.735 |o.699
0.20 0.706 0.707 0.700 0.734 0.734 | 0.695
0.35 0.703 0.703 0,686 0.730 0.730 | 0.698
0.50 0.700 0.702 0.694 0.727 0.728 | 0.683
0.80 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 0.658 | 0.682 0.673
5.00 0.654 0.651 | 0.676 0669
7.00 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, 4O gm/cm2
L 2: - "o 0.8cem, " " 0,7 cm, IiF,120 gn/cm®
(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 spectrometsr reference
system, should remain isotropic for irradiation in an isotropic
neutron field, regardless of the angular distribution of the twe
reaction products from an individual reaction.

Vhen the energy losses of the particles are taken into zccount,
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% vhile if
the energy losses are taken into account for an 80 ugm/cm2 LiF
this drop is 9.5% and for a 120 gn/cm” layer it becomes 7.3%.

Comparing the results of the present calculation for the
isotropic case and configuration 1 (as defined in Table k.li.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 O 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 Measurements of 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 measuremeants 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 ch shell for the reduction of the thermal neutron
contribution to the count rate, since the Id-6(n,a) cross section
for thermél neutrons is 940b compared to a value of 35 at the 247
KeV resonance. The use of the Bhp shell reduces the thermal
neutron factor by a factor of lO12 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

Vshielding the spectrometer against thermal neutrons or electronically
discriminating the counts produced by them. |

The initial measurements were carriéd out in configuration 1
(Table 2.2.1), and will be referx;ed to hereafter as experiment 1.
Although the Uranium shells had a 45.75 mm access hole, the qu 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 qu plug).

The arrival of the new B,C 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 qu 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 cadmiwm disc was covering the end of the holder near the Bhp
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 3.10° n/cm®.s) 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 E#periment 2. Also in 1b 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 powe: levels was made so
that excessive broadening of the energy resolution of the measuring
system due to Y=-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 iriton 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
yeccrded at regular intervals,through a special infut of the bias
sopply 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 generatof which were
fed in both sides of the pre-Amplifier and their distribution was
measured before and after each irradiation with the NISUS shutter
b i 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 proportioﬁal counter in the space between the two diodes witn
its anode wire parallel to the diode surface. The product of the

pulse height in the proporticnal and the Silicon diode would be equal
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to E. AE and allows protons to be distinguished from alphas aid
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 ol the
spectrometer and its application needs very careful considerations
regarding the possible energy ranges of particles involved and A
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 élpha particles
from the Ii-6(n,a)t reaction in the gas. An appréach aloné 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‘ofvproton
‘ inducéd pulses in the proportional counter with AE as criterion,
only tritons emitted in the backward (8' > 9%0°) 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
dexrived 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 spactrometer used to measure



- 119 -

the counts from the Li-6(n,a)t »eaction. 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 coﬁtaining IiF 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 spectrun and depletion layer, constitute
a fraction of the total counts which is inversely proportional to
the IiF thickness. This factor was used, Ref. (67), to examine the
efficiency of the subtractis: method, .;ing spectrometers with
different LiF thickmnesses i7 measure u ZEBRA spectrum. These tests
soowed that for variations of 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 érror 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 I1-6 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 4.7653 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 =ection and the neutron spectrume.

4.6 FEnergy Calibration

To analyse the measured distributions and derive the
generating spectrum, the energy calibration of multi-channel
snalysers is required. The low energy boundary of channel i,

would be:
E = Wi+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 zeroe.

To determine the parameters of equation (4.6.1) for the
distributions measured with a spectrometer containing IiF, one can
utilise the monoenergetic alphas and tritons produced by the Ii~6(n,a)
reaction with thermal neutrons. For each diode two peaks can be
measured corresponding to Ea = 2,0568 MeV and Et = 247295 MeV,
vhile the'peak corresponding tc the Sum of the pulses detected in
coincidence by the two diodes represents tﬁe sum of the alpha and
triton energies equal to 4.7863 MeV for thermal neutrons.

For the "Triton" distribution the alpha énd 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 sun 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 gaﬁe 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 casc a median line has to be drawn
from the Sum peak c8libration point.

A factor affecting the energy calibration, are the energy losses
experienced by the alpha and triton while travelling through the IiF
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.

rFor Experiment 1 the procedure previously described was used
for the energy calibration. The energy losses for the alpha and
triton in ILiF were taken from Ref. (28), 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:

(a2,), = &), .

with the rate of energy loss for 2.0 MeV alpha particle in gold taken
equal to 0.322 MeV(mg/cma) from Ref. (68),‘giving for an 80 1ng/cm2
gold layer, (AEa)g = 26 KeV. The triton energy loss in this layer
was taken to be 1/6 of the alpha loss, according to the ratio |
(AE )LiF/(AEL) .., and was found equal to 4 KeV. Thus the alpha
energy loss in.both layers equals 99 KeV and the triton one 16 KeV,

g1v1ng a total energy loss for the sum peak of 115 KeV. The
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calibration for this experimer* is shown in fig. (4.6.1).
This method of calibraticn contains three sources of

uncertainty:
(a) The estimate for the enerzy losses of the particles

(b) The use of peaks from individual diodes for the

calibration of the Sua 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 cne
congsiders the relation between the integrated group flux betwzen E

and E+W, and the measured distribution assuming infinite energy

resolution
| 1 | (a)
F, = a
i W
P o). c(m) - .
| (4.6.2)
with i = £ E+b (b)
A fractional error AL on i would contribute a fractional
error AFi equal to:
Dy =Dy, | |
i ' ,
Differentiation.of equation (4.6.2)(b) gives:
di-= E qu+ab | (4.6.4)

v
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If the parameters W and b are ccusidered independent of one
another, then it is obvious that:

(a) A fractional error AW.= E% on ¥W results in

the same fractionz’ error on i

(b) A fractional error Ab = E%, on b results in a

fractional error on i ecual to

Hlo

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 enersy

W = 0.03524 MeV/ch, i(E_ = 0) = 135

Neutron encrgy (MeV) 0.0 0.5 1.0 2.0 3.0 40 6.0 8.0

% D, error 6.5 8.5 16.0 20.5 10.0 7.0 5.0 2.0
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Thus a small error on the chamnel energy width would result in
a much higher error for the cownts distribution with energy and
through equation (4.6.2)(a) on the neutron spectrum, especially in
the region 1.0 to 3.0 MeV. ro1 higher neutron energies the error
is smaller becoming equal to the statistical error of the distributiocn.
The effect of such an error on W on the spectrum shape,when resolution
unfolding is used for the analysis of the sum distribution is showm
in fig. (4.6.2), where the derived speétra are arbitrarily normalised
over the energy region above 5.0 MeV vhere 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 Z%.

‘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 considerede.

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 shépe 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 tuwo 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 ¢f the reutron counts distribution.‘ The
test pulses employed were positive and square with 0.05 ys rise time
and 0.5 us fall time.

A linear least squares fitting for the peak channel versus
pulse-height gives the number of back bias channels, according to

the eguations, Ref. (69):
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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 permiis 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 pgak 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
colum of CONSORT, Ref. (70),at 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 alrha 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 frequéncy 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 ﬁot show any systematic
change. This test was repeated with different analysers (ECON, LABEN)
and different spectrometers (4O and 120 gm/cm2 LiF) with the

same conclusions.



Determination of Back~bias Channels

Table L. 6 2

No. of
Expt.} Distribution Pulse Height/Peak Channel back=bias %
(V) channels
0.06| o0.c8]| o0.10} 0.12| 0.14| 0.16| 0.18 ] 0.20| 0O.22 | O.24
2 Triton ~2.745 0.27
L5 59 73 88 102 116 130 144 | 158 172
0.06{ 0,08{ 0.10{ 0.12{ 0.14!} Q.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 95 106 129 163 222 285 341
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 | 240 207 266

- O¢T -
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Table k4.6.
Thermal peak positions for different reactor powers

Reactor power (KW) | .100 .200 .500 1.00 2.00 10.00 30.00 100.00
counts per minute 225 720 1200 2375 L4645 22770 68550 223780
a=peak 80 78 80 80 79 80 8o 78

t=peak 109 109 109 109 80 109 109 108

These tests showed that the back bias channels-reﬁained.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 eﬁch channel. For the analyser employed for the
Triton distribution, the thermal neutron irradiation provides the

two simultaneous equations.

2.7295 = AE

fl

wt.(it +b) (a)

l(4.6.6) '
wt‘(ia + b) (b)

t

It

and W, 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 for Aﬁg} which is required

in order to calibrate the Sum distribution analyser afterwards.
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For this reason, AEa is substituted in equation (4.6.6){v) by

K. AEt’ where K is the ratio AEa/ AEt’
2.0568 = K.AE. = W . (ia + b)
and from (4.6.6)(a) and (c) it can be found, that:

2¢7295.K = 2.0568
K.(it +b) - (ia +b)

Wt =

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:

1, = 1 j=1ILiF

1, 2.
J J

2 Gold

(b) That the rate of energy loss for particle i in layer j

remains constant along its pathlength, so that:

dE
BB s = (g - Lij

Since the geometry of the spectrometer is the same for both

alphas and tritons their distribution around the spectrometer axis

(4.6.6)(¢c)

(4.6.7)

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. (#-473) that for energy differences in the range 100 < 200 KeV

from the nominal alpha and triton energies of 2.0568 and 2.7293 MeV
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respectively, the rate of energy loss expressed in Mev/(gm.cmd)
changes by 1 to %% 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:

+ K éﬁfi;é
K - (AEa)l + (AEa)a - ]& 2° AEt 1 (4.6.8)
2
with K, = —£ 3 i=1 LiF
J ae,
(EE')j =2 gold

From fig. (4.#.3) the following values for the rate of energy loss

are obtained for E_ = 2.0568 MeV and E, = 2.7295 MeV:

t

dEa dEa dEt dE't :

all in MeV/(gm/cma), giving K 5;214, K, = 4.368.

- d
(AE,) (==5) 2 a. .
The ratio te . gg g °§§? = 0.304 -33 (4.6.9)
(2E,) pe

/1 63;3)1 )

For thermal neutrons impinging on LiF along the spectrometer axis the
probability of inducing a Ii-6(n,a)t reaction in it is the same throughout
the IiF thickness since 7 exp(- Zz) v Y for z of the order of a few
microns, and d  is put equal to %da in equation (4.6.9), giving for K:

5.21L + 4.368 . 0.30k . ff_a_
K = } 3 ! (4.6.10)
1+ 0.304 . —2

d)
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For d, = 80 ugm/cm2 and 4, = 40, 120 Ugm/cm2 equation (4.6.10) mives
KhO = 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 4.6.14

Triton and Sum Calibration

a-peak ch. | t~peak ch. |W, (MeV/ch) | AE,(Kev) AE_(KeV)
Expt. 2 97 132 0.0210 16.5 79
Bxpt. 3 PL 137 0.0183 28 144
(e 2 2\
(KeV) MeV/Ch
Expt. 2 126 81 0.0384
Expt. 3 131 by 0.0324

For the Sum distribution one calibration

the number of back-bias chammels is known and

only employed to determine the channel width:

= W. (is + bs)

energy suffices since

the thermal sum peak is

The energy reduction in the summed energy of the réaction 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:

2

AE, = (4B, +AEa2)’} (4.6.12)

In the case of thin IiF layers this does not produce any significant
difference, but for thicker ones it could result in a difference for
W, 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_ 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 IiF axis and the reaction products were emitted isotropically
around the spectremeter 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 4O KeV representing
only 1% of its total energy, high accuracy on the range-enersy 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).

Table (4.6.5)

Reaction product energy losses, theoretically predicted

dgold ( ugm/cmz) Lo 80 120
AE, (Kev) 20 110 140
AR, (Kev) 15 23 30
AE, (Kev) 75 120 150

The values for the reaction ﬁroduct 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 AE%/'AEt.
Also the use of geometric instead of arithmetic summation of these
energy losses to derive AE% 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 (1ess
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 alphaz in

Gold is 223 MeV/(gm/cm>). 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 was
daE dE . . .

near the value (dx)i,lfdl + (dx)i,a - d,. Using this relation for

the Americium alpha in gold it gives:

(AE)g = 223 * 80 « 1070 - 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.

k.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 trué
distribution of the counts from the (n,a) reaction.

For the Sum technique the generating spectrum can be calculated
from this distribution using equation (l+.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 LO Wgm/cm® detector and 300 KeV
for the 120 ugm/cm2 one. Considering that for energies lower than 2.0
to 2.5 MeV the statistics of the measurement allow energy.groups of
77 KeV (2*0.038L MeV/ch), and 115 KeV (3*0.0384 MeV/ch) to be used in

the analysis of the distribution measured with a spectrometer carrying
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a 4o gm/cm2 LiF (Expt. 2); the finite energy resolution could
appreciably affect the derived svectra. This effect would be more
noted in the case of the spectrometer with a 120 Hgn/cm® IiF (Expt. 3)
where the resolution worsens due to the increased energy losses suffered
by the reaction products in the ILi¥ (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 neﬁtron 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, egpecially 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:

E2
D(E) = f P(E',E) ¢(E')dE! (4.7.1)
E :
for both the Sum and Triton distributions. Since D(E) and ¢(Z') are
well behaved and the interval E to E2 is finite, this is a non-

singular Fredholm equation of the first Kind. This equation may be
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solved by numerical methods after it is reduced to a set of siumultaneous

linear equations, which may be represented in matrix notation by

_I.)- = P 2 (407'2)

Although mathematically the required vector ¢ can be obtained by

the relatiqn

where P"'l 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
¢ and the above solution will possess inherent oscillations, which
render this solution physically meaningless. Iterative techniques
offer the pessibility 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 thé 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 R'kj in equation (4.3.14), is

equal to:
Y-
_ 1 (3-K
Rlg; = T3 o (- 2.7726 . _JF-L )

normalized to give IR'g; =1 within the howndaries 2.1077 <Ry, <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 fhe test pulse response with the
spectrometer in the thermal column.A 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 o 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 oonsiderably 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 meésured 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 "tyriton" 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 4e3), the
counts distribution between 2.73 and 3.73 MeV needs to be considered,
gince 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<- 3.73 MeV range. This contribution camnot
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 En' 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 meaéured
@istribution 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 functioin 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 correépcnding 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:

E,
& j+l ) .
D" (B,) = jﬁamﬁmyﬂﬂa=hw (4.7.3)
%

with Po (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 (#.7.3) will give for

E_in the range 0.600 to 9 MeV, a value for Dg(En) independent of j:
p.* (&) = 2°(8) j = 1,50 (.7.4)
j n’ n J =2 s

Similarly, for the alpha counts distribution it is found that:

p.2 (B) = Da(E ) for j=21K (a)
J n n

' ' (4.7.5)

= 0 for j = K + 1,50 : (v)

with K defined by: E . >(Ea(En))max > By (c)



This distinction for the alphas is necessary if gn 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.%) and (4.7.5) the total contribution to
distribution group j can be found and numerical integration over
I%, 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.& 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 Dja(En)'
were evaluated by numerical integration. Subsequent integration
over En’ as before gives the "ﬁigh energy background" as before,
Fig. (L4.7.1).

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 contribuiion can be obtained by the acfual 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 fox
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, ané the respective
irradiation times. From these data the counts distribution from
the Ii-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 eneréy boundary for the first group is
4.7863 MeV,the Q-value of the reaction, ( Subroutines BUNC and GEE.
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 3.75 MeV. This width must be given in the input
data, (Subroutine DISTAN).

In the analysis of the experiments in NISUS 50 distribution
groups vere used for the analysis of the "Sum"' distribution and 25
groups, hb KeV wide each, for the "tiiton' techniquee. For fhe

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,
(SUMRES, TRIRES) 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 outpul spectrum is given in terms
of the pointwise flux per unit lethargy. Also the flux prior to
wnfolding is given, according to equation (4.3.5)(b) from the “Sum"
counts distribution to be analysed.

Th; 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. (?6), were employed which are in agreement



with recent experimental results, Ref. (??), 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 beiween the two séts 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 NISUS peak (388 to 639 KeV)
the spectrum derived using the ENDF/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
mentionéd 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), 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 ILi-6
and time-of-flight fesults in 2EBRA, Ref. (39), agreement was

obtained with experimental and theoretical results away from the



- 150 -

o
Z
4
q
o

~

~—
10—
OLl— 1 REF.(62) DATA
2 ENDF/B DATA

ool l | | |

0-01 o1 10 10

MeaeVv

Fia. 4.7.2: Li®°Mma)t cROSS GECTION DATA.




- 151 =

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), (&.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 fige (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 - 1f91
MeV is resolved in experiment 3 which has the Best statistics since
it was made with a 120 pgn/cm® IiF layer.

The effect of the 247 KeV broad resonance of the Li—6(h,a)
reacﬁion 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"
technjgue, this resonance resulted in oscillations within the
previcus range, if the uﬁfolding 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 L}o 2 el

Neutron spectrum for NISUS configuration 1

(Experiment J_)

Flux Flux Flux
Neutron per unit Neutron per unit Neutron per unit
ener lethargy energy lethargy energy lethargy

(Me%

0.01771 0. 4340 1.1753 2.1824 .2108 0.7398
0.0300 0.6441 1.2775 1.9436 L.3471 0.5725
0.0449 0.6669 1.3797 1.6357 4. 4833 0.5177
0.0619 1.1079 1.4319 1.4705 4.6196 0.6285
0.0808 1.8774 1.5841 1.4895 4+.7559 0.3734
0.101%4 1.7492 1.6863 1.6328 4.8921 0.3504
0.1235 1.8364 1.7885 1.5432 5.0283% 0.3564
0.1470 2.0620 1.8907 1.4481 5.1645 0.L542
0.1717 1.9079 1.9929 1.5408 5.3008 0.2528.
0.1975 2.1163% 2.0951 1.4586 5.4371 0.2556
0.2243 3.1399 2.1973 1.4279 5.5733 0.2595
0.2520 345620 2.3031 1.3465 5.7096 0.1849
0.2806 - 341605 2.4393 1.2627 5.8459 0.2800
0.3100 3. L4461 2.5756 1.2851 5.9821 0.2135
0. 3401 3.3412 2.7119 1.1627 6.1184 0.0457
0.3708 344371 2.8481 1.1087 6.2547 0.0834
0.4228 2.1656 2.9844 0.8297 6.3909 0.1082
0.43l1 2.9929 241207 0.9037 6.5272 0.1621
0.4599 3.1223 23,2569 0.93%29 6.6635 0.2236
0.5621 3.2297 3.3952 | 0.8359 6.7997 | 0.1459
0.6643 3.1054 345295 0.8403 6.9360 0.1610
0.7665 341656 3.6657 0.9387
0.8687 2.5491 3.8020 0.8504
0.9709 2.0209 349383 0.6748
1.0731 242407 L.C745
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T&ble .Ll'- E - 2

Neutron spectirum for NISUS configuration lb

(Experiment 2)

Neutron energy ' Flux per unit lethargy
(Mev) 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 2.0901 3,1608 33641
0.1975 3.8425 348491 3.7099
0.2243 3.9364 3.9541 2.7806
0.2520 %.2729 4, 2784 3.872L4
0.2806 3.8548 3,8824 3.,7674
0.3100 4.2033% L.2497 4,0267
0.3401 : k6124 46234 4.5612
0.3708 4.2809 ' L3115 4.8885
0.4022 5.3090 47251 . 5.6563
0. 4341 5.3811 5.1064 5.3583
0.5184 541929 4. 9886 5.2601
0.6336 4.9790 - 4.8880 5.0935
0.7488 4.8052 4.5165 .72
0.8640 4,0781 4.0966 3.8867
0.9792 3.3853 3.4523 3.5028
1.0944 | 3.2634 342400 3.1834
1.2096 341375 3.1345 3.0462
1.3248 ' 247390 2.6067 2.8127
1.4400 2.6814 2.5351 2.5473
1.5552 . 2.7573 2.6322 2753k
1.6704 S 2.171 2.4546 2.5428
1.7855 ' 2.4135 2e 4425 245505
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Table 4.7.2 (contd.)
Neutron energy Flux per unit lethargy
(Mev) 10 KW 30 KW 60 Ky

1.9¢c08 2.4785 2.6754 2.5452
2.0160 2.7013 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 1.8057 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
42240 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
4.9920 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

Flux per unit lethargy

(MeV) 10 Kv 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 0.3834
6. 4320 0.3489 0.4512 0. 448
6.6240 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 L)'o 2 . 2

Neutron spectrum for NISUS configuration 1b

(Experiment 3)

Neutron | Flux per unit lethargy|] Neutron Flux per unit lethargy
ener ener,

(M95§ 30 Ku 60 KW (Me%X 30 KW 60 Kv
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 243501 2. 14606
0.0619 1.42325 1.6143 1.4111 2.1660 2. 400
0.0808 2.0258 2.0004 1.5084 2.1150 | 2.3026
0.1014 2.2004 241671 1.6057 1.9954 2.1682
0.1235 2.3498 2.3388 1.7030 1.8816 2.2025
0.1470 2.4650 243939 1.8003 1.4717 2.2680
0.1717 2.7359 2.9149 1.8976 2.0563 2.2363
0.1975 3.2387 341538 1.9949 1.9558 2.1166
0.2243 %.1166 3.0503 || 2.0922 | 1.9671 | 2.13%62
0.2520 3.2427 3.152k 2.1895 1.9320 2.0581
0.2806 341552 3.4383 2.2868 1.9834 2.0486
0.3100 37320 3.6667 2.5041 2.0956 2.0725
0.3401 3. 4886 3.4395 2.4814 1.9262 2.0548
0.3708 4.2139 3.7802 || 2.5787 1.8871 1.9443
0.4022 4,5155 L.3165 2.6760 1.8160 1.8804
0.4381 1.1001 %.0218 2.7733 1.7218 1.8106
0.5354 4,2518 L,2272 2.8706 1. 331 1.6985
0.6327 4.0000 3.8556 2.9679 1.5686 1.6727
0.7300 4,0080 L,5072 3.0652 1.4634 1.4621
0.8273 3.9489 4.0716 3.1625 1.3653 1.3557
0.9246 345206 3.5639 3.2598 1.3281 1.3239
1.0219 3.3571 1.2535 1.2808

3.0654 3.1192
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Table 4.7.3 (contd.)

Neutron Flux per unit lethargy{ Neutron | Flux per unit lethargy
ener ener

(MeV 30 KW 60 KW (ne5§ 20 KW 60 KW
3.4544 1.1643 1.2323 6.8456 0.2210 0.2202
2.5517 1.0698 1.1561 7.0579 0.1950 0.2731
3.6490 1.0156 1.1359 7.2201 0.1630 0.1803
347463 0.9850 1.0654 7.3824 0.1080 0.1355
2.8436 0.9509 1.0114 7.5446 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 8.07%14 0.0826 - | 0.0765
L.23%28 0.9437 0.9397 '
4.3301 0.83206 0.9206
L 1274 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 0.49%6 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 0.2830 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 L MeV where the spectrum values from experiment 2 are higher
by 12%. Since the depletion layer for the diodes employed in
experiment 2 is 180u , (section 3.4) the meximum energy for a
tritoﬂ to be completely stopped within this layer even when it
enters it along the spectromefer 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
¢nergy 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 compafison between different reactor powers ahd'different

spectrometers. Also the ratios of the spectra as measured by the Ii-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 chould be attributed to the nuclear data of
U-238, especially for inelastic scattering, as indicated by studies
of the U-238 data by Williems, 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 agreement between theoretical and experimental values.

The use of the éalibration technique discussed in section (4.6)
reduced the error of the derived spectrvm 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

o = o (T).



The NISUS 1b spectrum from experiment 2 collapsed in theoretical

Table Ll'o 2 . LI‘

energy grouvs and comparison with other experimental and theoretical results

Lower group Fluy/Lethargy 210 | %30 | %-10 | %230 | Z2=30 | Zanzsn
boundary (MeV) 10 K 30 K 60 Ky %5-30 %5 60 PRC PRC PRC %230

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 1.0301L 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 1.083
0.143%0 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
0.35880 0.3422 0.3233 o{3ho9 1.0584 0.9484 1.0673 1.0462 1.0680 1.0354
0.6390 0.3154 0.30L0 0.3140 1.0375 | 0.9681 1.0000 1.0000 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 0.0330 0.0431 0.0409 0.8817 1.0538 0.8885
6.0700 0.0197 0.0216 0.9120 1.0148

(7.0000)




Table ll'c Z . 2

The NISUS 1b neutron spectrum from experiment 3 collapsed in theoretical

energy groups and comparison with other experimental and theoretical results

Flux/Lethargy
Lower group 2330 02-30 02-60 PANISN %220 2ANISN 2360
boundary (MeV) 30 KV | 60 KW %360 0330 ?3.60 2530 %PRG %3-60 OPRG
0.0248 0.0715 0.0676 1.0577 1.0150 1.0069 0.8954 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 0.8%72
0.1430 0.2273 | .0.2239 1.0152 1.0068 1.0169 1.0326 0.9457 1.0970 0.8901
0.2350 0.2774 0.2688 1.0320 1.0128 1.0208 1.0995 1.1058 1.1875 Q.8600
0.3880 0.3305 0.3183 1.0383 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 0.1843 0.9144s3 1.0199 1.0194 0.8946 1.0078 0.831, 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
4.7200 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)

-gg'[..
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According to these considerations, the statistical error
(one standard deviation) for each group of the distribution to he

analysed (A D) can be computed by:

(ap,)? = (AFi)2 + caﬁi)z

where AFi and ABi are the errors for the foreground and background
counts respectively, at chamnel 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 the High energy background, it will be:

a0, *)? = (ar )% 4 (0892 + (0 1,3

vAccording 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 LiF layers (120 ugm/cmz),reactor power
60 KW and irradiation time of three hours, which for NISUS represents
an integrated fast neutron dose of 6.5*10ll neutrons/cmz. To estimate
the enhancement of the statistical errors, introduced by unfolding,

the binomial distribution of the counts was approximated by a normal
distribution with mean value Di(T) and standard deviation equal to
Arg, The distribution to be analysed was selected at random according
to this probability density funétion, and the derived spectrum was
compared to that obtained with the ériginal distribution. As shown

in Table (4.7.6), the iterative unfolding introduces a two to three-
fold increase in the statistical error comtribution, over the region

it is used.
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Table 4.7.6

Errors for the neutron spectrum from the

Sum technique

Statistical error (%)
Lower Group Boundary
(MeV) Eﬁ‘gid:zg ﬁ!f;giding Cross-section %

0.388 0.353 0.885 +5
0.639 0. 495 1.039 x5
0.821 0.738 1.845 +6
1.150 1.067 2.561 + 7
1.740 2.103 3.182 + 8
2.870 2.969 - 410
3.680 34535 - +10
L.720 L.950 - +10
6.070 6.122 | - +10
(7.000)

The cross section error was obtained from Ref. (75) and (79), and was
applied directly to the derived spectrum. This constitutes by far the
Jarger 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

ug;m/cm2 IiF 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

i As. the cross—sectlon error. is, malnly systematlc thlS would v1rtually
2 .. be ‘the . systematlc error. of ‘the . experlment '

J U S SO e an g e
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dose remains below 1012 n/cma, 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 + I, 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 Ii-6(n,a)t reaction producta
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 tritqp products

(c) The distribution of the sum of the reaction products
energy

(d) The distribution of the difference between the reaction

products energye.

¥hen semiconductor diodes are the charged particle detectors,
-energy measurements should be preferred from angle measurements'sov
that full advahtage 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 thesevdiodes.

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. (8%4), 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 would offer higher resolution
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compared to the sum energy technique. In this chapter the use of
the Difference distribution to measure isotrobic fast neutron fluxes
will be discussed, and its application for measurements of the NiSUS
‘spectrum will be described. Firs£ 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 paraneter,
which represents the uncertainty associated with this measurement,
then dEn représents 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

sun of the product energies:

E, = 2.7295 + 0.5497*E, + 0,37504 (0.8564‘En + h.7863)*1=:n*coso' (5.1.1)

-

S = Ea + Et = En +Q
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while the other parameters can be computed by:

E, = E +Q-E, (5.1.3)
D = B, -B = 26 -E -Q (5.1.4)

The sum energy is a function of the sole variable En and the
same would apply to the other parameters if cos®' 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 foxm:

-

e - (). (5.1.5)
an ~ \@E 7

and the parameter exhibiting the higher value for (%%—) would offer
better resolution for the neutron energy as previousl; was explained.

For the sum parameter equation 4.1.5 would give dE = dS vhich
indicateé.that the neutron energy resolution is independent from the
energy range considered. For the alpha energy and the differcnce
bétween the energies of the react;on products, their derivatives can
be calculated from equations (5.1.3) and (5.1.4) respectively, as

functions of the triton energy derivative:

bl I

dE; - dEy
% - l = il (5.1.6)(51)
n B +
- dE
.n n

The derivative of the triton energy versus neutron energy calculated

from equation (5.1.1) is:
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(1.7128*15:n + 4.7863) cos6!

= 0.5497 + 0.1875 * 5 —
. (0.8564*E “+4.7863 * E )2

B B

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 (4e1.5) higher resolution would

be achieved for the necutron energy if the sum parameter is used,

as dEg
since -a-E-I: (=1) is higher than (EE:)_'

The analysis of the triton distribution, (sectiox; L.4), is made
in terms of a sequence of neutron energy pbiﬁts.seieéted so that,
the maximum possible triton energy (&' = 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 €' = 0°, is higher than %%— y results in a finer
n

~ecsh for the neutron energies from the "triton" technique than from

the "sum", for distribution groups of the same energy width.

(5.1.7)

"If dEn'E and dEn‘S respectively denote the uncertainties imposed
t

on the neutron energy through an uncertainty dEt of the measured triton

energy and an equal in magnitude uncertainty dS .of the measured Sum
energy, it can be seen from fig. (5.1.1) and equation (5.1.5), that:
(a)l dEn'Et

from 0° to 180°, and

for En constant increases as the angle © increases

(b) For E_lower than 1.5 MeV dE |. becomes higher than ag |, for
t s
values of @' higher than a certain critical value g'crit(En)

vhich increases as the neutron energy decreases.
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Fig. 5.1 THE VARIATION OF dE_{dE, WITH NEUTRON
ENERGY A3 A PARAMETER . -




In practise dS is always higher than dE

- 17k -

& because of the higher

energy losses of the alpha particle in the dead layers, and tie

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:

EE
v

when either

or

das
-d—E—- = l (5'1'8)
n
4aE )
'a-E—t" > 1 (a)
n .
(5.1.9)
dE
t
i < 0 (b)
n

If the neutron energy sequence used for the analysis of the meésured

"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 E

hnl

n

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)
aE,

leads to:

max > 1

n.
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dDmax d(Et)max
® - = T "1~

n 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

CasesSe

Considering the uncertainties imposed on the neutron energy for

equal uncertainties dD and dE,, it is found from inequality (5.1.11)

oo > S
n n

and equation (5.1.5), that it is:

dEt dEt
if either Ejr-> 1 or T
n n

<

Wk

(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 6*
values in the range O to 180°, except for a range around 90° which
decreases in width as the neutron energy‘deéreases.

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 mbre detailed knowledge of the
neutron spectrum than the "Iriton" and "Sum" techniques, while the

uncertainties in the Difference energy measurement would result in
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smaller uncertainties for the neuiron energy compared to those
introduced by an uncertainty for the triton energy measurement equal

to dD. 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:

o &,
Dmax :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 congidered. The

maximum alpha energy for a given neutron energy, would be:

(Ea)max = E +Q- (Et(En))min
a(E ) a(e,) .
leading to: ~ —olOX -3 . LR (5.1.13)
. n ’ n

From the reaction kinematics it is found that:

B dpax * Epin = 20(2.7295 + 0.5497°5, )
a(z,) a(E,) .
giving ek 4 LR - 1 099,

n n

vhich combined with equation (5.1.13), results in:

a(e,) a(e,) . a(e )
t'max _ - t'min a‘max
—X = 1,0994 - > T

n - n n
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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 would be

w

dEa l dEt d.c‘+
higher, since I?ﬁf- =1~ il becomes higher than Y
n n n
dEy
only for values of == 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(En,e') denotes the difference between the energies of the
triton and alpha products of the Li-6(n,a)t reaction for a neutron
energy En’ and ©'is the anticlockwise drawn angle from the centre of
mass velopity vector to the velocity of the triton product in the

centre of mass reference system, it is:

D(E,6) = E.(E,8') - Ea(En,e')
which combined with: -

E (£ ,6*) = E +Q- E,(E ,0')
gives: |

D(En,e') = ZEt(En,G') -E -Q

Substituting in equation (5.2.2) Et(En,e') and Q as calculated in

Appendix A, it is found for D(En,O'):
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D(En,ev) = 0.6728 + 0.0994.En+0.7501( (0.8564.En+1+.7863)En.cose'
' (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,G'), 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 values,for cos @' varying
from -1 to 1.

The boundary energies according to equation (5.2.3) are given

by
Dma.x(En) = 0.6728 + 0.0994.E_ + 0.7501‘/ (0.85614.En+4.7863)En (a)
(5.2.4)
Dmin(En) = 0.6728 + 0.09%4.E - o.7501\] (0.8564-% + 4.7863).En (v)

According to equation (5.2.4)(a) above, Dbax(E) is a continuous,
increasing, and positive function of En' Differentiating equation
(5.2.4)(b) with respect to E, it is found that the derivative of

mln(En) is always negative, approaching ~m as E approaches zero,
also it never begomes zero for E in the real numbers domain. Hence
mln(En) is a continuous and decreasing function of E . It becomes
zero when En is equal to 0.1656 MeV, obtaining negative values for
higher neutron energies. The variation of Dmax and Dmin with neutron
energy is shown in fig. (5.2.1), while fig. (5.2.2) shows the variation

of the difference energy versus angle @' with the neutron energy as a

parameter.
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As D . (En) can take negative as well as positive values it

is useful to note that for a given neutron energy it is always:

IDmin(En)‘ < D ()

max " n

Also from equation (5.2.4)(b) it can be found that

‘ Dmin(En)l > D(E_=0) = 0.6728 MeV

if .

E > 0.6871 MeV

The conclusions from this énalysis are that, the difference
between the reaction product energies is a smoothly varying function
of the meutron 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 maés reference system.

L4

5.3 Formulation of the Response Matrix

if thé difference D(Qn,ef) as expressed by equation (5.2.1) was
always positive and the distribution of the parameter | E| = | E, - 2| ,
vhich 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,o') from the Ii-6(n,a)t

reactions induced by the neutron. spectrum to be measured.
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Now that the differenca D(ED,GF) can take positive and negative
values, if the distribution of the parameter E = E, - E, is measured,
by use of suitable electronics, and not that of IEI , it is not
possible to relate E to D(En,G') unless additional means, such as
Ep.dEp/dx discrimination, are provided to distinguish which particle
is detected in each diode (e.g. to decide vhether E, = E_ or Ea)'

1 t
Hence the distribution 6£ E cannot be related to the neutron
spectrum, and the distribution of | E| has to be measured, which
corresponds to - | D(En,e')i
According to eqﬁations (5.2.1) and (5.2.2) and equation ( 15 )

of Appendix A, it is:

D(E,,0') = q,(B) + ay(B)) . cose! (5.3.1)

with ql(En) = Zfl(En) - B - h.7863 1 : (a)
(5.3.2)

and a(B) = 28, (B) ()

The contribution to the counts at |E| per unit neutron flux

at energy En' would be:

v

g (ED = Pgn(lElﬁD@n'ei))*?gn(' l£| = n(g,00))  (5.3.%)

-n

with 6! and 6} determined from equation (5.3.1) for D(En,e') equal to
|E[and ~-|E| respectively. Naturally if E is outside the
boundaries Dmin(En)’ Dmax(En)’ or higher than Dmax(En) only, for E_
greater than 0.1656 MeV, it is Cg (| E])= 0. Also for the second

. n
component in the right hand side of equation (5.3.4) to be other than



- 183 =

zero, it must be En greater than 0.1656 MeV and !Dmin(En)I
higher than |E| '

In equation (5.3.4), Po (4|5 ) describes the probability per
vwnit neutron flux at energy %n that the difference between the
reaction product energies is‘ilEIrespectively, for coincident

detection of the reaction by the two diodes. Similar to the case

of tie triton counts (Section 4.l4), it is found that:

P) (+|B]) dE= o (B) . ¢(8) - BD (coso!(2|E], E_))dcose" (5.3.5)
n n '

with ces@' equal to c059'l or cos@', depending on the sign of E ,

2
and Pgn(cosei, EA) given by:

2n ¢, (E_,cos0'.) .
Pg (cosG{, E)= ¢ n = (5.3.6)

n _ n a'(ﬁn)

Combining equations (5.3.1), (5.3.5) and (5.3.6) it is found, that:

2ng ,(E ,cos0", )
LR - (5.3.7)

Pgn &[E) = o (8) -(E).

o (E,).q,(E)

.Using Pg (ilEI) from equation (5.3.7) in equation (5.3.4) the
response of tﬁe spectrometer ¢perating 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.
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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 Cg (|E|) of the second factor in equation (5.3.4)

n

has to be taken into consideration. This contribution becomes zero

for IEI greater than l )l as mentioned before and the dis-

m:Ln n

continuity occurs at )I If the counts distribution above

mln n
0.6728 MeV is considered, this discontinuity does not affect the
formulation of the respdnse matrix if the maximum neutron energy
considered is equal or smaller than 0.6871 MeV, for which D ;in equals
~0.6728 MeV. Moreover the shape of the response function above
0.6728 MeV for neutrons in the range O to 0.6871 is forward pesked,
which ensures thatlthe diagonal elements of the response matrix,
formulated as will be described below, are preponderant.

Since the maximum difference between the reaction products for a

(=,)]

is smaller than Dmax(En)‘ it is possible to formulate the response

given neutron energy increases with neutron energy and mln n

matrix in the same way as the one for the "triton'" distribution. The

neutron group structure, is defined by the relation:

Eip1 = Do (Ejup)s d = LN . | (5.3.8)

j+l J+l

vhere E, 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 neutroan

energy groups:
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Ffj+1 Elil.-i-l Ej+ch(E ’I EI)
D, =fD(E)dE = i f $(E)) o(E ) (2 )aE / - d (5.3.9)
J E i=j Jgn n n non E °(En) ‘f(En)
J i J
where CP (B, E ) is calculated from equations (5.3.4) and (5.3.7)
giving:
N .
D, = 2 Rij0; € %, (5..3:10)

i=j

5«4 Flectronics 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 ofthe 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 ps. 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.#.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,,h the situation becomes further complicated, since the
difference (vl - Va) will take positive and negative values. Since
the classification of a ﬁ;lse in a certain chamnel of the multichannel
Analyser, is based on the maxdmum amplitude of the pulse, this
classification will not be correct for the cases shown in fig. (5.4.1)
(aZ) and (a}), Even for case (al) the pulse can be rejected by the
Analyser which accgpts only pulses of the same polarity while as
mentioned before the difference pulse can be positive 6r negative.

To overcome these problems the difference pulse should be gated
for an appropriate length around its;ﬁiddle time point, to ensure
that its maximum amplitude is Vl = V., and also it must be always

2

of the same polarity irrespective of the relative position of Vl,VZ.

Thus it .will always be:
vy o= lvl-valalmt-zal

irrespective of which diode detects the triton and which the alpha,
and the relative position of Et and Ea.

To meet these requirements, the circuit shown in block diagram
in fig. (5.4.2) was developed, vhich operates with the following
logic.

The analogue inputs from the two linear gate and integrators
are fed to identical unity gain amplifiers'(Al, AZ), whose respective
outputs feed the two identical discriminators (D1, 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 IM. and D2 do not provide a trigger
for the "And" gate Gl, unless both inputs exceed =40 mV. If gate.Gl
is not activated no pulse processing will be initiated.

The analogue inputs are als> fed to the unity gain Difference
amplifier, whose output (Vl - Va) may be of either polarity depending
on the relative position of Vl and Va. This output is fed to
discriminator D3 and to unity gain implifier A3. Discriminator D3 -
vhich has a 40 mV window operates symmetrically about earth, changing
state at + 20 ﬁV 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 binar& element, (FFL), which accepts as clock input the
pulse from gate Gl, after inversion and delay by 10C ns to allow for
a settling time. Vhen 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
twrn determines, in a preset way through a pair of "long tailed"
transistors, whether amplifier A3 will orperate as an inverting or
non-inverting unit. This ensures.that the output of this Amplifier
is'always a pulse with a fixed polarity. The sigh 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 th? time difference that is likely to exist between the

two inputs Vl and V2. As specified, each input is 1 us wide and
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either may precede the other by up to 10C ns. Therefore the 1equire~-
ment is imposed, to select a gated poftion of the difference pulse
of duration 600 ns and starting 200 ns after the receipt of the
earlier of the two inputs.

Gate Gl when triggered by both discriminators, D1 and D2,
produces a logic pulse of 1 us wide, Fig. (5.4.1)(1;1), 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 DEj, 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 lincar 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 |V, = v2| v fige (5.4.2)(b).

In addition to the gated difference pulse, the unit provides
two replicas of the input pulses from the two linear gates and
intégrators, vhich 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
indicgtors'which can feed negative (Vl - Va) pulses to one half of

the analyser and positive (Vl - V2) pulses to the other half. This
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facility is driven by the flip-flop element, accoraing to the state
of discrimination D3, which indicates the polarity of (V, - va).
The unit accepts pulses with amplitudes in the range O.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 maxcmum amplitude 4.5 Volts.

5.5 Measurements of the NISUS 1b neutron spectrum by the

di.fference techniaue

This unit was employed in measurements of the Neutron spectrun
in NISUS 1lb, with its output cormected to a 1024 channel, ECON
Analyser. The spectrometers employed were éf 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
|Et - Ea' 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:

2|

- 2.0567 + KeAE, | =

'Et -E, l = ] 2.7295 - A,

|'o.67;8 + (K - l)AEtI | (5.5.1)

vhich 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
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statistical fluctuations in the rate of energy loss, produce more
symmetric peakse.

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:

E, = 0.6728 +JAE,C2+ AE? . (5.5.2)
giving for the 40 ugm/cma spectrometer, 0.7553 MeV and for the
120 pgm/bma 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 V; -V, = 0).

In order to obtain a more fine resolution for the measured
distribution, chamnel 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 fof a 1.5 MeV neutron. The shape
of\the distribution ‘El - Eal(foreground and background counts) and
the background distribution, measured with a dummy spectrometer, are
shown in fig. (5.5.2) for irradiation in NISUS 1b. Considering that
the distribution in the range 0.6728 to 2.073 MeV is required in
order to derivg 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
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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 distrxibution 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 4O ugm/cm2 thick IiF layers were
employed. For thicker IiF 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 Fubtraction 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 peake.
At the same time this minimum difference requirement ensures that
pulses of approximately equal magnitude produced in both dicdes, 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 2.073%0 MeV) even if the neutron
energy exceeds 600 KeV which is the maximum neutron enefgy 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
betweeh 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 4O 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 assummed for all distribution
groups to be analysed, equal to the‘number of counts measured at
an energy l.5 MeV, the error arising from underestimating this
Yhigh 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 ngm/cm2 LiF 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" technigue 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 1b 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 (? @i = 1) and are compared to proton rec'oil and ANISN
results as well as to- the results derived if the "triton" technique
is employed down to 20 KeV.

The results using the differenf I1i-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 0.591L 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 243850 2.2707
0.1098E+0 2. 4075 2.3595
0.1253E+0 25466 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 1b neutron spectrum mcasured by the Difference,

Triton and Sum techniques collapsed in the theoretical energy grouns

Lower group ¢ ¢ ANISN
" i) Onit Tetharey e
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 0.9313 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 | 1.0359%92 1.0456
0.6390 0.3203%6 0.9672 1.0000 1.0000
0.8210 0.2517 0.9673 | 1.0148 0.9476
1.1500 0.1688 ~ 0.9%72 | 1.0080 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 boly

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 Ii-6 sandwich spectrometers,
as wvas 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 vwhen repeated measurements are to be made
to investigate reproducibility or the effeci of various parameters

upon the derived spectrum.

6.1 Requirements from a Demountable Ii-6 Sandwich Spectrometer

Each spectrometer contains a sandwich of two diodes encapsulated
under vacuum inside a metal envelope. 1In 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 éandwich 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 spectre-
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 chould

2 t0 107 mm Hg for a

be able to retain a vacuum in the order of 10
period of thrée 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
prbperties mder Fast neutron irradiation.

Prior to the design of the metal can, it was essential to decide
‘upon the way the neutron sensitive ILiF layer should be introduced in
the spectrometer. The use of a thin supporting foil, like VYNS
(polyvinyl chlorideacetate copolymer) Ref. (86), has the practical
advantage of eliminating the need of a separate background spectrometer,
Vsince the background distribution could be measured using the same
diode sandwich with a bare 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 ILiF 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 ihe 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 1ies 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/cn®) and 291.2 MeV/
(gm/bma) respectively. If the Vyns thickness is as small as
20 ugm/cmz 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 resﬁlts in a change of the sum peak
shape, which for increased Vyns thickness (~ L0 ugm/cma) would even
exhibit two separate peaks. The use of a second Vyns foil,so thaf
symmetry is reétored 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
reasoﬁs it was decided to have the LiF layer deposited on the diodes

and not to use a supporting foil.
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€.2 Description and Performance of the Demountable Spectrometer

The surface barrier diodes were manﬁfactured 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 thicknesse.

Three holes were drilled around the periphexry 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 theitray, 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 PIFE 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 vas iﬁtroduced ingide 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), aﬁd its composition by weight

was: 64.96% Fe, 22.0l% Cr, 11.66% Ni, 1.34% 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 clearanée is required to allow room for
the lead and plug which is comnected into the socket provided on the
lower diode traye.

To carry the signal from the diodes, silver plated, PIFE
sleeved, low capacitance wires are used. For each diode the wires
are soldered to a svbminiature 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 "O" ring made from Viton to provide
vacuum tight seal for the spectfometer.chamber.

On the upper surface of this end-cap a héllow 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 connectéd to the diodes. Inside this
flange the leads are connected to two Lemo,'coaxial subminiature
soékets, type RAO1-250, which are screwed and soldered on the top cap
of this flange. A mating self locking subminiature plug, Lemo FO1l-250,
is connected to the leads from the pre~Amplifier.

This flange is crossed by a small bore copper tube whose lower

end is goldered 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 tody 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).i

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 eqﬁipment 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 reaéhed the stem is screwed down
keeping "O" ring C in fosition thus sealing the outlet of the
pumping stem.

This spectrometer has been used for in-core spectrum measurements
in NISUS 1b, mounted on the plug shown in fig. (6.2.3) which is similar
to the one used with the SRD(P)? 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 KeV and the resolution
of the alpha and triton peaks for thermal neutrons were comparable to
those obtained from SRD(P)7 specirometers with the same IAF coatings.

Results obtained using this spectrometer for the NISUS 1b
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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NISUS 1b Spectrum Measured with the Demountable

Spectrometer Collapsed in tie Theoretical Energy Groups,

Compared with SRU(¥)7 Results

Lower group Flux per ¢
boundary (MeV) unit lethargy 330

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 1.0420
0.6390 0.3160 1.0067
0.8210 0.2474 0.9508
1.1500 0.1722 0.9868
1.7400 0.1591 1.0502
2.8700 0.1049 1.0145
3.6800 0.0706 1.0028
Lt,7200 0.0425 0.9423
6.0700 0.0206 - 0.8918
(7.0000) |
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€.3 Behaviour of Diodes

The electricai properties of surface barrier diodes under
fast neutron irradiation exhibit a deterioration which affects
thelr response 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 maiﬂ
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 1is
distributed unifoimly 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 rqot of the mean space charge density
in the depletién layer. The generation of charge carriers on the
other hand, increases the leakage current in the depletion layer
which varies prorortionally 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 wiich 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 diffe;ent
reactor powers and their leakage current was monitored during
irradiation. At first the usual linear variation with the integrated ‘
neutron dose, fige (6.3.1) was observed. After the initial irradiatiom,
air was allowed into the spectrometer and over a.period of one to
three days a decrease of between 25 and U40% 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 de 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 prolongcd

encasement in a vacuum. Storing the diodes under vacuum results in

oxygen atoms from the oxide layer formed on the silicon surface prior
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to the gold evaporation (Section 3.2), to be knocked off and thne diode
behaviour deteriorates because this oxide layer contributes to the
redressing properties of the gold-silicon diode. Allowing air dback
into the spectrometer the original situation is somevhat restored.

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.%‘Asithevperturbat;Oﬁﬁgalculationjis7h¢£jCOmpleted; it is]

\-presented in am outline form only. |~ oto T oo iy

SO W

7.1 Spectrometer Induced Perturbations Uvon the Neutron Spectrum

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
counteré, 1i~6 sandwich spectrometers and fission chambers, results to
a softening of the neutron specfrum 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 cqntaining 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



- 221 -

stainless steel trays or can walls which surround the LiF. This
introduces some simplification of the geometry to be handled while
the effect of the remaining part o; 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 neulron field, which is in a steady
state on a maqroscopic 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 foﬁnd 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:

dv(E) dE

ﬁ(E,;;) dEdr = f n(E,x) v(E)dEdr
v v

i

v(E) N (E)

vhere 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, ¢V(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,
whiie having an energy with d& at E, are summed together. For a

multigroup approach to the problem, the relevant relation would be:
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j=1,R
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where index i refers to the energy group, j to the spatial region
and K to'the K~th source neutron tracked. Thus (lij)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 censidered 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, fige
(7.1.1). All radial regions have the axis of z as their centre
axise The origin of the Cartesian co-ordinate system is positioned
at the centre of the lower base of the cylinder.

The radcial divisions within each zone are made so that, each
region contains orne material only. The materials considered here
ére stainless steel, Silicon, LiF and vacuum. To define each
region a pair of indexes (1,m) is required. Tﬁe first defines the
V vertical zone the region belongs to., with boundaries defined by the
(xy) planes at:

o= = . i > = Q.
z hp and z hp+l with hp hp+l and h1 0]

The second index defines the radial boundaries of the region which

are cylindrical surfaces with equations:

B

e

+
()

I

2 Ay
nt 4y o= Ry n

ith > = t ;
with Rl,m Rp,m+1 and Rl,l RS the spectrometer outer radius.

Also attached to each region is a material index - S M
9

(7.1.1)
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varying from O 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 O 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 aﬁd 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 spectrometér 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
specifiéd 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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in this region is selected at random on the basis of the probability

distribution function:

!

p(1)ar Texp(-Z1) a1

In O

giving 1 = 1

M

where O; is a rendom 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:

< h.JV + 1 if ¢> 0
Z + cl
n :

> th if ¢<O0

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 (axh + byn) is
positive, then the only inequality to be satisfied, is:

2 2 2
<
(xn + al)" + (yn + b1)°< R LV, MV

it if (axh + 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):

2

2 2
(x, + al)=+ (y, +b1)7 2 RIv, w1
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and

. 2 2 2
1sin® éJR IV MV " (xn + ¥ )

with sin® = +4y 1 - C°

If these tests are not satisfied the neutron escapes from tbis
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-thié 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 befbie
But in the new region (selection of pathlength, etce)e.

If the collision tests previously mentioned are satisfied the
collision routines are called to determiné 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 uow refers to the modelling of all
geometric events starting from Ynecutron entry" to "region crossing'
or "pathlength to collision" determination and the relevant "oeometric!
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 neutrop
reactions with Chromium and Nickel would be required, in addition to
Iron and Silicom.

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 differenf materials and for different reactions,
and information aboﬁt 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 Data Iitrary, its output are group cross-
sections (30C or 128 groups), taot);l weighted, covering the energy
range from thermal to 14 or 15 MeV and the accumulated scatter angle
distribution for a calculated seqﬁence of scatter cosines. Also
vhenever the energy distribution of the secondary neutron(s) is
independent from their sﬁatter 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 specifieé 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 Uniyersity 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 GKNUCL 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 (FGMV and CR) which are incerporated 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 problen.

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 gereralised
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 sandwicl semiccuductor 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 éffect of gamma-rays and pulse pile-ﬁp 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, becaﬁse 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 "Sun" 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 fhe analysis of the measured
distribution and a strai,_ :tforward response matrix can be formulated.
Because of the extensive energy range cdvered by this technique and
the changes exhibited by the cross-sectién derivative versus energy
within thaf range, high accuracy is required for the energy calibration

of the measured distributiqn. This can be achieved if the calibration



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 resis%ivity (3200 Q-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 detecéed. On the other hand a 120 ugm/cma 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 ILil
 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 déscribed 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 Ii-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
croés-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 cén 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 rrovide adequate overlap with
scinfillator gxperiments 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 dqration (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 nsutrons the
1i=7 (pyn) Be=7 and T(p,n) He-3 reactions should be used wi! 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 séattering in this target and
the finite geometry of both the target and the spectrometer (IiF layer),

it was shown that for 200 ugm/cm2 Li-7 targets and a spectrometer to



_233-

target distance of 40 mm (minimum possible distance) the FWHM for
the neutron beam at the spectrometer is smaller than 50 KeV, rising
0 200 KeV for a Tritium gas target enclosed in a Molybdenum cell
25.h cm long under 1 atm pressure. Compared to these values the
FYEM of the pulse height distribution is expected to be higher than
200 KeVe. 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) =nd 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
counfing periods from %0 min to 4 hrs for individual energy points
and 1000 counts under the peak, for 8 uA ion current and LiF coatings
of 240 ugm/cm2 on both spectrometer diodes. As the spectrometer will
not be used, in this case, for energy-measurement this thickness of
IiF would not have any adverse effect upon the experiment.

The low energy part of the neutron spectrum ( <400 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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Ci2 the other hand the worsened energy resolution of the measured
paxameter, compared to that of the triton energy, combined with the
existence of a cross-section resonance at 247 KeV produce unsatisfactory
resulis at higher energies. This resonance is better resolved by the
analysis of the "triton" energy distribution. As discussed in chapter
L 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 fhe measured
"griton" 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, E_ 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 analysi
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 spéctrum from 20 KeV to 8 MeV with adequate resolution
and meeting the required accuracy,if the discrepancies in the total
crocs 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 becéuse 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 ILi~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 aréument against this replacement is increased diode current
noise due to a reduction in thé minority carrier lifetime because
of the high temperatures (AaSOOOC) required for the diffusion
process. On the other hand the possibility to manufacture diffused-
Jjunctions diodes with only 0.1l micron Phosphorus dead layer thickness
(18 ugm/cma) compared with 80 ygm/cm2 of Gold on the surface-barrier
diode, would result in smaller energy losses for the charged particle
prior to detection (f~1/2) and better resolution. Tests for the
efficacy of diffused-junction diodes could be easily made using the

demountable spectrometer.



1.

2e

e

L.

5.

7.

- 236 -

REFERENCES

Starr, C.;
"Energy and power"

Scientific American, Vol. 225, No. 3, p.37, Sept. 1971.

Hafele, V.3

“"Energy systems"

. TAEA Bulletin, Vol. 16, No. 1/2, p.3, Feb./April. 197k.

Brookes, L.G.;
"Economic prosperity and nuclear power"

Ammals of Nuclear Sci. and Eng., Vol. 1, No. 1, p.3, Jan.

"Jranium Resources, Production and Demand
Joint NEA/IAEA Working party report, August 1973
[quoted in: "Uranium Resources and Supply", Cameron J.;

ibid. 2, p.90]

West, P.Jd.}
"Waste Management for Nuclear Power'

ibid. 2, p.78.

Clarke, R.H.; et al.
"Waste disposal aspects of the long term cooling
characteristics of irradiated nuclear fuels'.

CEGB RD/B/N30L9, June 197L.

Campbell, C.G.; Rowlands, J.le.}
"The relationship of microscopic and Integral data
Proc. 2nd Int. Conf. on Nuclear data for Reactors.

Helsinki 15-19 June 1970, IAEA, Vol. II, p.391.

197k.



-237 -

8. Pazy, A; et al.
"The role of integral data in neutron cross section evaluation"

Nuclear Sci. and Engineering, 55, p.280, (1974).

9. Broomfield, A.M.; et al.
"Measurements of K-infinity, reaction rates and spectra
in ZEBRA plutonium facilities".
. Proc. of 1st Int. Conf. on the Physics of Fast Reactor

Operation and Design, BNES, p.l5, June 1969.

10. Bennett, E.F.;
"Fast neutron spectroscopy by Proton-Recoil Proportional Counting'

Nucl. Sci. and Engineering, 27, 16 (1967).

11. Benjamin, P.W.; Kemshall, C.D.; and Redfearn, J.;
“A High resolution Spherical Proportional Counter"
AWRE-NR 1/64, (1964).

12, Sénders, J.E.; et al.
"A review of ZIBRA techniques for the measurement of reactivity
parameters, reaction rate ratios and spectra
Proc. Int. Symposium on Physics of Fast Reactors,

Tokyo, October 16~19, 1970, Vol. II, p.908.

13. Petr. J.;
"Neutron energy spectrum measurement in a standard
Fast neutron assembly"

Ph.D. Thesis, Univ. of London, Nov. 1973.

14, Kasanskii, Yu A.3 et al.
"Investigation of neutron spectra in Fast critical assemblies.

ibid. 12, p.930.



15 .

16.

17.

18.

19.

20.

- 238 =

Sanders, J.E.}
"Time-of-Flight Spectrometers", in
IAEA Technical Report - 133 "Fast Reactor spectrum

Measurement and their Interpretation', Viemna 1971, p.36.

Preskitt, C.A.;

WGulf Radiation Technology, Time~of-Flight Spectrometry Program'!

"ibid. 15, p.50.

McCracken, A.K.;
"Techniques with resonance foil sandwich detectors”
Proc. of Conf. on Radiation measurements in Nuclear

Power, CHGB Berkeley Labs., 1966, p.168.

McElroy, W.N.; Kellogg, L.S.3
"Fuels and Materials for Fast~Reactor Dosimetry data
Development and Testing"

Nuclear Technology, 25, No. 2, p.180, 1975.

Greenwood, R.C.j et al.
"Non fission Reaction rate measurements!

ibid. 18, p.27k.

Rickard, I.C.;
"The use of the Lithium~6 semiconductor sandwich
spectrometer for the measurement of Fast-neutron spectra"

Nuclcar Instr. and Meth., 105, p.397, Dec. 1972.

Fabry, A.; Vandenplas, P.;

' "Generation of intermediate standard neutron spectra

ard their application in Fast reactor physics."

Proc. Symp. on Fast Reactor physics, Karlsruhe 1967,
Vole 1, p.339, TAEA Vienna 1968.



23.

k.

25.

26.

27

28.

29.

- 239 -

Fabry, A.; De Leeuw, G.; De Leeuw, S.3
"The secondary intermediate energy standard neutron
field at the MOIL~ facility"

Nuclear Technology, Vol. 25, p.349, Feb. 1975.

Besant, C.B.; et al.
"Design and construction of a Fast reactor neutron
spectrum generator - NISUS"

Nuclear Engineering Int., May 1973.

Azad, S.; et al.
V'INISUS~A neutron Intermediate standard Uranium source"
Proc. Conf. on Irradiation facilities for Research reactors,

Teheran, 1972, p.185, IAEA-SM-165/L0, Vienna 1973.

Grundl, J.A.;
"Cavity Fission Spectrum Neutron Sources at the National
Bureau of Standards"

Private Communication (1974){
Emmett, J.; Private communication.

ANISN(W) - Manual, RSIC set, CCC82-D-F,

CDC 6600.

Bell, G.I.; Glasstone, S.3
"Nuclear Reactor theory',

Van Norstrand Reinhold, 1970.

Carlson, B.G.;
"Numerical formulation and solution of neutron

Transport problems". IA-~2996 {1964).



31.

32

33

3.

35

- 240 -~

Iove, T.A.; Murray, R.B.;
"Phe use of surface barrier diodes for Fast neutron

spectroscopy'.

I.R.E., Trans. Nuclear Sci., Nc-8, No. 1, p.91 (1961).

Dearnaley, G.; Ferguson, A.T.G.; Morrison, G.C.;
"Semiconductor Fast neutron detectors"

I.R.E., Trans. Nuclear Sci., NS=9, No. 3, p.174 (1962).

Lee, M.E.; Awcock, M.L.;

MA Helium~-3 filled semiconductor counter for the
measurement of Fast Neutron spectra

Proc. of Int. Symp. on Neutron Detection Dosimetry and

Standardization. Vol. 4, p.44l, Vienna 1962.

Beets, C.; De Leenw, S.; and De Leenw-Gients, G.;
"Measurement of neutron spectra by means of the
Li~6(n,t) He=l4 Reaction"

ibid. 17, p.l2k.

Verbinski, V.V.s Bokhari, M.S.;
"Design and operation of a Fast neutron Li-6 diode
spectrometer for measuring reactor spectra'.

ibid. 17, p.246.

Bluhm, H.; Stegemann, D.;

"Theoretical and experimental investigations for an
improved application of the Ii-6 semiconductor sandwich
spectrometer'.

Nucl. Instr. and Meth. T0,p,141 (1969)



- 241 -

36. Chambon, J.; et al.
"Spectrometrie a Li-6, Etude, Realisation, Essais"

CEA-GEN-(Grenoble), PI(NT) 525-124 (1970).

37. De Leeuw=Gierts, Ge; De Leeuw, S.;
"Improvements in the use of the Li-6(n,a)t Reaction
for in-core Neutron Spectrum Measurements"

CEN-SCK, Mol. Blg.450 (1970).

28. Silk, M.G.; Wright, S.B.;
"Neutron spectrum measurements over a wide energy

range,using a single semiconductor spectrometer'.

AERE-R6060.

39. Rickard, I.C.;
"Neutron spectroscopy in the range 10-500 KeV using
the Li-6 sandwich detector'.

Nuclear Instr. and Meth., 113, pfl69, (1973)

40, "Semiconductor Detectors (srD series)" User Guide,

UKAEA Research Group, 1968.

k1. Dearnaley, G.; Northrop, D.C.;
"Semiconductor counters for Nuclear Radiations"

Spon, 2nd ed., 1966.

!*20 FOXg R.J.; BOI‘kOWSki, C.J.;
"Silicon surface barrier detectors with high reverse
" breakdown voltages"

I.R.E., Trans. of Nucl. Sci., NS-9, No. 3, p.213 (1962).



L3,

l"s L]

L7.

L9.

50.

-2l -

Frank, K; et al.
"Comparison between experimental and calculated rise
time differences in Silicon surface barrier detectors."

Nucl. Instr. and Meth. 36, p.2k7, 1971.

Tove, P.A.; Falk, K.;
"Pulse formation and Transit time of charge carriers
in semiconductor junction detectors."

Nucl. Instr. and Meth., 29, p.66, (1964).

Skyrme, DeJd.s
"The passage of charged particles through Silicon"

Nucl. Instr. and Meth., 52, p.6l, (1967).

Herbst, L.Jd.}
"Electronics for Nuclear particle analysis"

Oxford, Univ. Press, 1970.

Harwell, User Guide, UG 2153~1.
“Main transistorized, single width, Amplifier 95/2153-1/6"
Jall. 1969.

"ORTEC, Instrumentation for Research'
Catalog No. 1001, [p.42, quoting data taken from

CEA~2189 (1962) and Phys. Rev. 112(4) p.1089 (1958)].

ENDF/B, cross section file, ILi~-6 MAT 1115,

Rydin, R.A.;
"Design considerations and calculations for a Iithium~6
semiconductor sandwich fast neutron spectrometer".

EUR 2712.e, 1966.



51.

52

23

5’+-

55.

564

- 243 «

Tobias, M.;
"Review of the cross sections of the isotapes Li-6 and Li-7
as tabulated on the ENDF/B version III files'", ORNL-TM-3859,

July 1972.

Silk, M.3
"The derivation of a Triton energy response function for
Lithium-6 semiconductor sandwich spectrometers"

AERE=M2009, 1968.

Silk, M.G.; Windsor, M.E.;
"Corrections to spectra measured by Li-6 and He=3
semiconductor spectrometers in an isotropic neutron flux"

Journal of Nuclear Energy, Vol. 21, p.l7, 1967.

Rydin, R.A.3
"Efficiency of a semiconductor sandwich Detector in a flux

of Fission neutrons from a disk source!

EUR 2487e, 1965.

Silk, M.G.;
"The efficiency of Iithium-6 semiconductor sandwich
spectrometers in directional neutron fluxes'.

Journal of Nuclear Energy, Vol. 22, p.163, 1968.

Lord, E.A.; et al.
"Some Efficiency calculations for lithium-6 suspended

target semiconductor sandizich spectrometers"

AERE-R6318, 1970.



- 24l -

57> Garber, D.I.; et al.
"Angular Distribution in Neutron induced Reactions,
Vol. 1, 2 = 1 to 20"

RNL 400, 3rd Ed., Jan. 1970.

58. Mahaux, C.; Robaye, G.:
"Analysis of the Li-6(n,a)t integrated and differential

cross section", Nucl. Phys., 74, p.161 (1965).

59. Overley, J.C.; Sealock, R.M.; Ehlers, D.H.;
"Li~-6(n,t)He=4 differential cross sections between 0.1 and 1.8 MeV"

Mucl. Phys. A 221, p.573, (1974).

60. Cashwell, E.D.; Everett, CuJ.;
"The Monte Carlo method',

Pergamon Press 1959.

61. Spanier, J.; Gelbard, E.M.;
"Monte Carlo principles and Neutron Transport Problems"

Addison Wesley, 1969.

62. Document No. 440, NAG libary manual,

1st May 1972.

63. Coveyou, R.R.; MacPherson R.D.;
"Fourier Analysis of Uniform Random Number Generators",

Journal of the ACM, 14, p.100, 1967.
64. Bodek, A.;

"The mean of several quotients of two measured variables',

Nacl. Instr. and Meth., 117, p.613, (1974).



65. Aitken, J.H.; Dixon, W.R.:
"Studies of the (n,a) and (n,p) reactions in Si-28 at 14 MeV
by a coincidence method",

Phys. Letters, 2, p.152 (1962).

66. De Leeuw-Gierts, G.; De Leeuw, S.; Kambaj, B.K.;
"Analysis of a Background elimination method in the Li-6
spectrometry technique."

BIG 493 (June 197L4).

67. Rickard, I.C.;
"An investigation of the reproducibility of the Ii-6
semiconductor sandwich technique'.

Nucl. Instr. and Meth., 113, p.175 (1973).

68. Northcliffe, L.C.j Schilling, R.F.;
"Range and Stopping-power Tables for Heavy Ions'"

Nuclear Data Tables A7, p.233, (1970).

69. Meyer, P.L.;
"Probability and statistical applications",

Addison-Wesley, 2nd Ed., (1972).

70. Burholt, G.D.3; Williams, J.G.;
"Neutron Flux measurements in the vertical thermal
column calibration facility"

ULRC, Reactor Operations Note 9, Jan. 197k.

71. Gold, R.;

"An iterative unfolding method for response matrices"

ANL-6984 (Maths and Comp), Dec. 196k4.



- 2U6 -

72. Gold, R.; Scofield, N.E.;
"Iterative solution for the Matrix Representation of

Detection systems", Bull. Am. Phys. Soc. 2, p.276, (1960).

73« Pattersen, W.J.3 Shuttler, K.L.j
"Resolution corrections to neutron spectrometry by the

pulsed source time-of-flight technique'', AWRE 0-8/67.

74. Bluet, J.C.; et al.
"Theoretical study of the Ii~6(n,a)t reaction between
0 and 600 KeV".
Proc. Int. Conf. Study of Nuclear Structure with

Neutrons, Antwerp, 1965.

75« Clements, R.T.; Richard, I.C.;
"A measurement of the Ii—é(n,a)t cross csection over the
energy range 150 KeV to 3.9 MeV'", AERE~R7075

July 1972.

76. Schwarz, S.; Stromberg, L.G.; Bergstrom, A.;
"A relative measurement of the Li~6(n,a)t reaction cross-
section in the range lZ-EnL 600 KeV',

Nucl. Phys. 63, p.543 (1965).

77. Fort, B.; Marquette, T.P.;
"Btude de la section efficace Li~6(n,a)t dans la
gamme d'energie comprise entre 20 KeV et 1700 KeV®

FANDC(E) 148 u (Cadaroche) 1972.

78. Uttley, C.A.; Diment, K.M.;
Publications in U.K.A.E.A. Nuclear Physics Division

Progress Reports. AERE-PR/NP 14(1968), 15(1969), 16(1969).



79.

81.

82.

84,

85.

- 247 -

Ribe, F.L.}
"Li-6(n,a) H.3 Cross Section as a Function of Neutron Energy".

Phys. Rev. 103, p.?74l (1956).

Pendlebury, E.D.}
"Neutron Cross Sections of Li-6 in the energy range 0.001 ev = 15 MeV"

AVRE 0-60/64, July 1964.

Azad, So;
"Fast neutron reaction rate and spectrum measurement!,

Ph.D. Thesise. Unive. of London, 1973.

Williams, J.Ge}
"Distributions in energy of fast neutrons transmitted
through shells of natural Uranium".

Ph.‘D. TheSiS, Unj.v. of Iondon, 19710

Kappler, F.; et al.
"Measurements of Fast ncutron spectra in Iren,
Uranium and Sodium-Iron assemblies'.

ibid. 12, p.883.

Marconi, C.; Russa, F.; Verondini, E.;
"A new type of neutron spectrometer in the energy range
1-100 KeV",

Nucl. Instr. and Meth. 7k, p.256, (1969).

User Guide, Linear Gate and integrator 95/2144~2/6,

UKAEA Research Group, (1 Nov. 66).



86.

87-

88.

89.

91.

92.

93.

- 248 -

Bishop, G.B.3
1A Ii-6 sandwich semiconductor detector for Fast neutron
spectrum measurements',

Nucl. Instr. and Meth., 62, p.247 (1968).

Imperial College, Analytical Services Laboratory Report,
A.S. Lab., No. 1046k, (1974).

Shuttler, R.3
"Comportement des detecteurs solides dans un flux de

rayonnements', Mem. Soc, Roy. Sci. de Liege, x, p. 127 (1964).

Parker, J.B. (ed).
WDICE Mk.V, The preparatidn of Nuclear Data into a.Form

Suitable for Monte Carlo Calculations using an Electronic Computer'

AVRE Report No. 0-27/66, May 1966.

Konig, L.A.; Mattauch, J.H.E.; Wapstra, A.H.;
11961 Nuclidic Mass Table",

Nuclear Physics, 31, 18 (1962).

Fort, E.;
"Analysis of Experimental methods and proposal of
Recommended values for the Li—6(n,a)T reaction between 20 KeV

and 1700 KeV", IAEA-PL-246-2/19, p.119.

Coates’ MaSe et alo
"Measurements of the relative Li—6(n,a) cross section
in the energy range 1 KeV to 500 KeV".

ibid. 91, p.105.

Ferguson, A.T.G.;
"IBIS a fast neutron Time-of~Flight Syctem"

Contemporary Physics, 5, 19636l p.270.



- 249 -

APPENDIX A

The Kinematics of the Lis(n,a)t reaction.

The Li6(n,a)t reaction is a typical exothermic 1(2,3)%
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 L16 nucleus, neutron, alpha and triton respectively,
vhile 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. l.

triton : triton
N LS | no /T L6
Laboratory scillgpgm 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
Ll -n.-c

vhere !c 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.

Vo= ki . %
L oA, W
M2

and with ﬁ = y the M"reduced mass"™ of the system
(MléMaf _

()

(2)
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we get:

Applying the principles of conservation of momentum and

energy for the centre of mass reference system, we have:

i}

M)W 4 M, VS My Y34 M, . T

(1)
2 2 2
Q+ 3 MVAT + F MV = 2 MBV + % MV
while according to equations (1) and (2) it is:
M,
| - - —~ = =
Y= -¥ =-Y = L+, - ¥
(5)
.M, My '
| - - - = e
Beleod = toway Lt Wk

50 that the lhs 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

masges?
M# M3

From equations 5a,5b and 4b we find:

M N
l2 .- -
Vi o= (u ) [ ) "2 ° Q]

(3)

(a)

()

(a)

()

(6

(7
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where EZ =3 MZVS is the kinetic energy of the incident neutron,

end for particle 4 we find from equations (6) and (7),:

M .

2 4 [ M ]

Vi©c = 2 «E Q . (8)
3 W) | o) "2 +

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:

L

V,
Fig. 2 =

v2

2 .
2 o=vP e vi +2VIV_cos @' , i =3,k | (9)

Substituting V{ from either of equations (7) or (8) and Vc

from equation 2 we get:

M. Ml M ,
2 il [ ] 2 2ecos O

i~ &i.(MB-e-Ml*) (M1+M2 ) 2 (Mlmz)-.z 2 '('W

M. M
‘/ “i[ : E +Q]E
M. | O, ) 2 2

(i=3, j=4) or (i=h,j=3) itz

(10)

and in terms of the reaction product energy, we have:

M, M MM, | 1o UM, M
_ g 2 i 2ecos O 42 1 -
E = (Ea) [Eilm?_) B, + Q] + o, +M2)z E, +' CRTI NEETW) I:(Ml-ma)“z*g] E,

(22)
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Re-arranging equation 1l and using the coefficients

al,aa,aB,a4 set below we bhave:

2,Q + aF, + chose"J (aL,*E2 + Q)E2 (12)

=
n

M

MM MM
o1 13 2L
1 = G+, ) %2 % QOH) [(M}m,) * (“1*“2)]

| | @)
2 ‘/ MMMy, Mo
%3 = T L) (334-}4#) i T Ty

with all four coefficients dimensionless.

For E3 we have:

E; = E,+Q~E, ' - (1ka)

which combined with equation 12 gives:

M
By = E‘:' aQ + (1-2,)8, - chose'{ (2,F,+R)E, (1)

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, = £,(8,) + £,(B,) . cose? (15)

with

£(5,) = 4@+ a8, 5 1,(5,) = aff (@5 + V5, (26)
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Both functions fl(Ea) and fa(Ea) are always positive and

increase with E2. Thus for E2 constant the maximum value for 1':1+

is obtained for ©' = 0° and is equal to:

B, (5) = a@+af, +ay (@ + Q5 (27)
max
with a corresponding minimum value for E3 given by equation 1ha.
As ©' increases, from 0° to 180°, Eh decreases while E3 increases
and the minimun value for Ey at 180°, is:
E), (Ea) = 2,Q + aE, - aB{ (al}Ea + Q)E2 (18)

From equations (12), (17), (18) another expression for

El*(Ea, cos9!), is obtained which is useful if we know E, (E2) and
max ‘
E, (&)
2min 2
[E‘*max(EZ) + E‘*min(Ea)] | [E‘*max(Ea) - E‘*max(Ea)]
t -~ t
E#(EZ,COSQ ) = 5 + 5 # cos®
' (19)
From equations 14b and 17 it is obvious that both E3 and
, . “max
E!+ are increasing functions of EZ' For the minimum value of Ek
nax
it is found from equation 18 that:
aB (= )'
hoot2 co - (2a4Ea+ Q)
dB - 3 o
2 2% a4E2+Q EZ
thch equals zero, for:
. .
2 .
E =i (l = —e— ) (20a)

2
a2~a3a4
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giving the minimum possible value for Elp which is:

2y 2 2
. ) ) (2a1a2 - a3).Q + 2(a2 - 33ah)E2
. 2a

min min 2

(&

For E3 ‘ (Ea), according to equations 1l4(a) and 17 it is:

min

E3min(E2) = E, + Q- El*max(Ea)

and

aE (Ea) dE), (Ea)A _ (2%1:2 + Q)

max

=1-——-—-——-—-=(l—a2)—a

dE dE 3 - "
2 2 o: ’ (ahL2+Q;E2

which would produce a minimum for E3 at Eg, given by:
min
3 .9 ) ll - a2|
E = 1
2 2a
b J (l—a )a—aaa
' 2 3 4

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,.cos6; = Vc + Vj" . cosgj'_ y 1=3,4

vwhile the cosine law gives equation (9).
\'

Writing yi=-ﬁ- , i=3,4
L

it is found that:

(21)

(22)

(23)

(24)
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.+cosB!
Yl COS i

cosB, =
i

leiz-rzyi. cose}

provided that cosejt = =~1 and Y; = 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 absclute 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,+¥, )

gt M
v - — L ] — v
-J M1+M2 Mj -2

(M_+M

P M.V -(-l—‘-*;- P
E5 o235 WAL 2

Since the velocity of product i equals zero, its momentum
would also be zero, which means that gj =B, or M3+Mq = M, +M, or
Q=0, which is not the case. Thus, it is not possible to have
cosé! = -1 and Y, = 1 at the same time and from equation (25) it

is deduced that:

Y yt cose!
COSGI* =
J 1+Yl*2+2Yz*cosQ'
' (27)
Y_ - cos6!
coso = 2 i
3

4 l+Y32—2Y30059'

(25)

(26)

(a)

()
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To calculate the angle between the reaction product
 directions of movement in the laboratory system, tan®, is reguired.
Again from fig. 2 it is observed that:

V. .s5in®
1

— 1 ] 3 ]
; = Vi.51nGi

which if combined with equation 23, gives:

| 5ind!
tand, = ———e - (28)

1
i Yi+cosei
It should be mentioned however that one should be careful in
using formula (28) in a program, because if Yi = -¢osQ{,tan0ﬁ becomes
indeterminate, with a limiting value at infinity (e:.L = n/2).
The value of-yi can be found from its definition, equations

,2 and 7, to be:

M, E '

3, ()
M, (1, ] [(Mfr@ Ez*”Q]

and Y5 according to equation 6, would be:

M, '
Yj = ﬁi Y i (30)

From equation (29) it is obvious that Y, is a positive
function of Es, starting from zero for E2 = 0 and increasing with

E, towards an asymptotic value:

2
: M, (M +M,) ' _
. 2 i i
lim Y. = == -;i—z~——-—7 (%1)
> ; Mj .M]-M‘2 Ml+MZ .

2
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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:

g = 93 + 94
For which:
tan o :i2:§e+ ::ZZ#
3° b
becoming: ( y
Y. 4+ Y, ).sin®?'
tan g = 2 -

(YBYk -1) 4+ (yz - Yh)cose'

if tan93, taan are substituted from equation 28.

Again it should be noted that if cosOi = ~¥i then equation 33
is not valid since tanei becomes infinite. In that case cosGi =0

and O, = 90° while:

M [
-1 1
3 tan [ (4. +M.) -1+ 2 ]
i 7] Yj

D
i

20° + 8,

and
0 3

LI}

For o' = ©! = 0°

) . '
=0 then ¢ = 180" and as @' increases, g decreases

passing from a minimum value for

Y, =Y (v, +7v,)
cos 8' = 'Tﬁvﬁ:j% and tan g . = 2 4
34

‘l(Ythfl)z - (1, Y5)?

“and then increasing again up to 180° as @' increases to 180°. This
minimum possible value of g is a decreasing function of energy E2
tending to an asymptotic value at E, > which can be found if

equation 31 is used.

(32)

(33)

(34)
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Returning to the Li6(n,a)t reaction, the equations previocusiy
derived can be applied if the nuclidic masses are substituted.

According to Ref. 90, these masses in atomic mass units @:12 scale)

ares
m, = 6.0151260 (Li.6)
1 * 3
m, = 1.0086654 (n)
_ L
m, = 1;.0026036 (ZHe)

- 3
m, = 3.0160494 (l,H)

For these values, it is

m, +m, 7.0237914

i

It

7.0186520

m, + m,
L

3

giving a value for  of

Q = 5.1384 * 1070 * 931,478 = 4.786306 MeV

and from equations (13) it is found that

2, = 0.570281
8.2 = 0 —5“’9693
ah = 0.856393

. 80 that if En

E2 and Et = E#’ equation 12 would be written
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B, = 2.729539 + 0.549693 * B, + 0.375055y (0.856393 * E_ + 4.786306)%

‘En '« cc;se v (25)
(MeV)
while E, = B + 4786306 ~ B (MeV) (36)

For thermal neutrons, the energies of the reaction products,
would be: (E,),, = 2.729539 MeV and (E ), = 2.056767 MeV, according
to equation 35 and 36. The minimum possible triton energy, calculated
from equation 21 is

E, = 2.384609 MeV occurring at a neutron eﬁergy of

min _

0.809204 MeV, and the minimum possible alpha energy is E, = 1.600160 MeV
occurring at En = 1,591666 MoV, -

From equation 29 we find for Y 4:

/ E

. : n
Yy “\8057750 7 £, + 15.058950

and Y3 = 1.327101 *vy " according to equation 30. The asymptotic

value of Y " at E2+ ® ig 0.352284, according to equation 31 and
the minimum possible angle between the reaction products is

Oin = 135.26° according to equation 34 (asymptotic value at E > ),
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APPENDIX B

Fnergy 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 vigible track created by the charged particle
depends upor 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 considefa—
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, (Csdd 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 eiperimental 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 deteiled review of the theories describing the energy loss
process is given in Reference 1, for protons and alphas, while
Reference 2 deals with heavicr 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 categéries. 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 increaseé.

Energetic ions travelling in matter interact with atomic
electrons and nuclei (in scattering and nuclear rgactions). While
the ion velocity is considerably in excess of the orbital velocities
of its electrons (B >> 22/137), it will be stripped of all orbital
electronsF and the bare nucleus will be losing energy through
i.:lastic type collisions with the electrons of - o 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 MeV/amu
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that for retaining the captured electron. With further slowing
down of the ion, these prcbabilities continue to increase resulting
in a change of the net ion charge. During this stage the mechanigm
of energy loss remains essentiallj felectronic'.

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 cailed '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 atonm,
atomic electrons have orbital velocities between LA =< (the ms

h
velocity of the H electron) and ZV s for the majority of the

electrons the velocity being of the order v_ 22/3 (= == 137 2’l3)
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 themmal 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 quantum-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 znd

loss by the ion, on the assumptions:=

a) That electron velocities in the ion and matter are gliven

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 mr: . atoms interacting
simultaneously with the incident ion and with c¢ie another, through
& semi=-classical macroscopic procedure, and Fano wofked 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, I, 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-l) in a med;um of atomic number Z and atom |

density N (cm-B):-

2
2 4 on v
dE _hmz e no & A _g2oell
-5 = Mz {In —F— 4 In == - p¢ = 2 - 36} (3.11)
m v 1-p

where e 1is the electrénic chargeF

-1

m_ is the electron mass (= 5.48567*10'4 amu or 5.110060*10 "~ MeV)

I 1is the mean ionization potential of the stopping medium

(see Section 3.3) (in energy units, usually eV)

¥ From the fine strqcture constant we have:

. _2‘7
e he {r1} 1.05450%10 10
- EIA h = . *® V.
® = 137.03886k  Be = g R X 2997925107 oV.cn
and et = 2,073330%107%2 11eV2cm® (Numericel values are btaken from

NBS Tech. News 47 175 (1963)).
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B is v/c (¢ = velocity of light)
¢/z is the shell correction term (see Section 3.2)

) is the 'density effect' correction term (see Section 3.4)

Condensing the logaritlm in formula 3.1l in a dimensionless

multiplier B, called the 'stopping number', we get:-

- NZ*B = ATy L. gap : (3.12)

and substituting numerical values:-

2
-L - 0.307065 * Z* 2 28 (ueV.cn™) (3.13)
B

where p is the density of the stopping medium in g.cm-3

A is the chemical atomic weight of the stopping medium.

Also, - %‘3 0.307065%10 ™2 * 3—2-*% *B  (MeV/mg.cm™2) (3.14)
B~
is another .2it 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 encrgy.

The dependence of '%g upon the ion is through:

(i) The square of its net charge (za), and,
(ii) The square of its velocity which is equivalent to the value

of its energy per mass unit (MeV/amu).
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This relationship between '%g 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 vz, while the rest is a monotonically
decreasing function of va, both having a limiting minimum or

maximum value for v2 = ca. An ion entering the medium with a high

velocity, loses energy with a rate which roughly increases as v-a,
the non-logarithmic factor being the predominant one. At inter-
mediate velocities, corresponding to a few ﬁeV/amu, gfadual
neutralization starts to dominate this dependence and, as further
slowing down occurs, the logarithmic risc 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 3.1l will give results with
an overall accuracy of Vv 1% 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/7)

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 4 MeV protons in lead they
reduce the stopping power by 4%). At low velocities they are
negative in sign. As the particle velocity increases they change
sign, pass through a maximum falling subsequently to small
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.:

C, ©Cy C
¢ _ %,
z ~ 7 Yz tg toee

while for shells higher than the H, separate contributions have to

be introduced for each subshell (References 6, 7).

a) Fvaluation of the shell correction term on the basis

of equation 3.21;

Walske (References 9, 10) calculated theoretically, corrections
for the X 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 17 which.is the

quotient of E by the 'ideal ionization potential! zﬁ Rﬁ, where
eff

(3.21)
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Ry is the ionization potential of the hydrogen atom? The
dependence upon the stopring msdium is given through OK' which is
the energy difference between ground state and lowest unoccupied
state in the atom ('observed ioniéation potential').

Walske's results are produced in a rather complicated graph
form. He divides the particle energy domain into three ranges,

with limits:

1) o < 1/n, < 2, for which graphs are given of ek

vs l/hk with © as a parameter

(i) 1/n, > 2, for which he gives curves of a function By

vs ny with subsequent calculation of cK(OK,nK) from By.

111 or s C,, MAY De es etermine rom an
(i31) F ng > 10, o be best determined f

expansion in powers of 1/'nK

For the L=-shell corrections he gives only asymptotic values,
and his theory is valid only for 2 > 30. Although his corrections
are not reliable for the lightest eleﬁents, 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 computatioﬁ 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 ny:

iy = 18800%6%/(2 - 0.3)% and for n = 188005%/(2 ~ 4.15)°

For M-ghell, z . v Z=1l.
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cx = Aq-l exp(-B -1) (3.22)

vhere

' -x1000

n-l Ln-. . (Z'o-j)a . o.;)*lo
e

37 —F is Walske's 1%
A = 9.670 - 17.30.Q + 11¢°

B = 3.869 - 6.775Q + 4.050Q°

Q = 0.6354 + 0.006943% - 0.0000485722

E

is the particle energy in MeV

Their fitting gives values within 2% 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 preparaticn 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 'reasonéble choice'
for the values of the coefficients in.Walske's equation for high

dx

energies are very sensitive to the choice of these values, giving a

particle energies, but as he states the values for-ggfat low

difference of as much as 8% between the values of -%g for 1 MeV
alphas calculated using two différent sets of coefficient values.
Bichsel has assumed, (Reference 14) that higher shell corrections
should have approximately the same velocity dependence as the L~
ghell corrections of Walske, and calculated them semi-empirically by
applying proper scaling of the L-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 3.1l to a large number of experimental energy loss and
range data for a number of clements, ignoring the density correction
term.

At the limit, p = 1, he assumed that shell corrections vanish,

thus he used I_;. rather than I (see Section 3.3).

aj
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

nmedium.

b) Evaluation of the shell correction as a unitary term:

For stopping media with 2 > 20, corrections for higher shells
~(M, N, O) become quite important even at the moderate proton
energies of 1 to 20 MeV, accounting for severai 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 ¢/Z as a
unitary term depending upon the pérticle velocity and the stopping
medium. Theoretical and semi-empirical detérminations of ¢/Z

following this concept are made through the function:
2mv2 c
L(v,2Z) = 1n ('—I'——-) -7

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

2 ‘
variable x =~!§— = 13723%/2. Furthermore, they assumed that
voZ
individual electrons with resolution frequencies higher than a
critical value do not conlribute 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) = 1.36x72 - 0.016x”2 for x < L4.84

and (3.23)

1/2
L(x) = (ZY)a/axL/Z . 2t 12520 for x> L4.8%4
c

In equation 3.23b Y is a parameter, given by \)/Zl‘/3 (v

being the effective quantum number), adjusted at a value of 0.71
so that Bloch's constant (K = I/2) will have the value 10 eV, and
¢ has the value 5.6 determined by comparison with experiment. at
low velocities (thus, L(x) = O.982551*xl/25.

The Thomas-~Fermi statistical model they used, leads to a
unique value of I/Z for all elements, and gave L as a sole function
of x. In fact I/Z 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

(a)

(»)
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(Reference 14) and Whaling (Reference 16).

Turner allowed for the fact that ¢/Z does not vanish at the
1limit B = 1, in agreement with Walske's theoretical conclusion

rom theory that, ¢/Z is a function of J,/v2 and not E approaching
a non-zero value as v *>c. For that reason, when Turner's ¢/
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 1/7Z shows a very small variation, and calculated it by
fitting the stopping power formula to experimental data for protons
in Al. For 2 < 3.33 (water) again they consider L independent of
2 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(£(x)) (3.24)

Z < 3.33

f(x) 6

6 l z+

1n7% + 1.838.10 1n x-

; (@)

In’x = 2.233.10"21n°x + 1.22.10"

-1.82.10"

2 1

-4.4575.10'31n3x - 6.8371.10 “x + 5.2666.10 1nx + 3.7437.10"

Z > 13

f(x) L L4 1

Inx 4 1.143.1071n7x - 5.634.10 1n%x + 4.764.10 1ax +

1

4.77.10"

+ h.844.107t | (b)



- 272 =

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 i, 2, 3, 4. From these it can be seen that Iindhard's
method greatly overpredicts L for values of x > L.8k, 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
thet the Thomas~Fermi description of the atom is ﬁot 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 " 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) approximeted ¢/Z analytically by a polynomial of n,
where

-,
2 o B

1 - g°

=2 =2y g2 ~2y o3
and cadj(x,n ) = A(x™F) Toas * B(n™%) Tod;

A(@™) and B(a™2) have the same form with the asymptotic expressions

2

c; -
derived by Walske, f(n-z) = L= y and the coefficients c; are
. ' : in :

(3.25)
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determined by a least square fitting to smoothed experimental range

data. Thus:

4 -6.2

- 0.0003816n"6)*1o I

-2 -2 -
cadj (I 9«3 ) = (0. 1}22377]1 + 0'030}"04331 dj +

+ (3.858019n"2 - o.1667989n"+ + 0.00157955n'6)*1of912dj

This formula is valid for n > 0.13, corresponding to a proton

energy of 8 MeV or to B < 0.12976. 1In that region their results

are in good agreement with those of Bichsel and Turner (within 1%).

3.3 Mean Tonization 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
En’ i.e. the energy transfer to atomic eléctrons through an inelastic
collision with the incident particle, weighted by the optical dipole
oscillator strengths for excitation to level n, as showa in the
following equation:=-

InI= E £, InE : | (3.31)

Therefore, I is expressed in energy units usually eV. The mean
ionization potential is treated as a property of the stopping material

only, being independent of the velocity and other characteristics of -

the particle. The most important excitation energies, En’ lie in the
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range 100 eV to 1 keV, over which the oscillator strengths are
poorly known. Fbr this reason attempts to calculate I theoretically
have been made only for the lightest elements (H, Hé; Li, Be)

giving results in agreement with experiments within their estimated
errors which are approximately 5%. TFor the remaining elements one
has to rely>solely on stopping pdwers 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 1n I + c¢/Z to be determined from
a stopping power measurement.

To overcome this problem it has becn suggested (Williamson G.F.)

to introduce a new parameter I' related to I and c¢/Z through:

InI' = In I + ¢/Z

There are two serious arguments against this:

() 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 ¢/Z, and I is evaluated from étopping Power measurements at higher
energies wﬁere 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 MéV);
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Another point relating to shell corrections in the determina~
tion of I from experimental dI/dx measurements is the value of ¢/2Z
as B > 1l. As mentioned in Section 3.2 the shell corrections at
the limit v = c assume a non-zeré value. In some cases shell
corrections were calculated with the assumption that c/Z vanisheé
at the limit. Using these shell corrections I values are found,

called the adjusted values, relating to the proper ones by:~-

Iadj = I exp(q/Z)B=l

The numerical differences between Ia and I are of little

dj
practical importance except for the heaviest elements. They are O
up to 2 =19, 0.5% at 2 = 29, 5% at 2 = 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

"l I makes small changes in the measured dE/dx value to contribute

1in
big differences in the value of I (on the other hand uncertainties
for dE/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 I 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 l.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 (2 < 13),
since different values of I have bLeen found from experiments with
the same element, depending upon the chemical state of the element
in the stopping medium. The values of I for heavier elements
(2 > 13) exhibit a smooth variation with Z permitting interpolation
to be carried out, with good accuracy. .

Table T3.31 shows (in column l) current estimates of I for a
selected set of materials taken from Reference 1, while in column 2
reeommended I values from a systematic study of the variation of 1/2Z
across the whole periodic system (Reference 19), and the values in

parentheses are Ia For elements heavier than Al, Sternheimer

aj*
(Reference 20) has calculated a 'best smooth curve' fitting the

graph Iadj/Z vs. Z of Reference 19. This is:~

Laf% = 976+ 58.827 1 v 7 > 13 (3.32)

and results using thi formula are shown in column 3. Also in

column 3 are shown Ia values for Z2 < 13 derived from a linear

dj
relation given by Barkas, Reference 18.

Iay/% = 12+ 7/ Z < 13 (3.33)

Since for light elements there is no practical difference between I

and Iadj’ equation 3.33 also gives IF.

F In Reference 21 the following approximation formula is given:

"I =2(10 + 5e"z/ 17y 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/2 empirically determined n 10. This proportionality
relation between I and 2 is a good approximation for some heavy
materials but even at 2 v 15 considerable deviations exist which
cannot be wholly attributed to errors in the shell orrection term
since there is a systematic increase in I/2 with decreasing 2,
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
vfrgm the Thomas-Fermi model is more predominant the lower the atomic
number of the element.

‘Table 13.32 gives recommended Iadj 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, whilec there is a scatter in the values given for lightef
elements. Forctunately, for stopping power éalculations the
numerical change in dE/dx for a change in the value of I is not
significent because of the logarithm in the stopping power

formula.
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TABLE T3.31
I(eV) I a (ev)

~ Vedium z (1) (2) (3)

H 1 atomic 15.0 ' 19 19

i 035 PSE
~in comp. [15-18

N 2 025 Facor. * &

L 3 (100 32 6 thoom. 46.2 13

Be b %64 60 55

60, 66 theor.
c 6 graph 81 85 79
in comp. 77-80

" ‘ ?zléomp. 28-102 98 9n

0 8 r;zl;omp. ;g.)ilOl 100.8 103

F 9 115

Ne 10 127

Na 11 139

Mg 12 151

Al 13 163 163 163

Ar 18 190 210 209.6

Fe 26 273 284 285.4

Cu 29 315 312 (314) 31h

Kr 26 360 378 381.1

Ag 7 71 480 (L87) 496.6

Au 79 761 774 796.7

Pb 82 788 796 (827) 825.8

U 92 872 877 (922) 922.8
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%4 Density Correction (5)

The stopping theories of Bohr and Bethe considered the effect
of gach atom on the moving particle independent of the presence of
other atoms. Therefore, they give accurate results only for low
density gases, regardéd 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, iz showm that, S giffers from zero only
at high particle energies, and generally is taken into consideration
only when v > 0.71lsc (e.g. for protons §= O for Ep'< €00 MeV).F

Sternheimer has carried out most detailed and systematic
studies on §, References 22 and 23, and has found it both adegquate

and convenient to represent & by the following analytical expressionsi-

2 2
X = 2 log . ~—df—— = 0.217145 ln ——tem
7 0810 2 2
1-8 1-8
= 0 for X < X
. o]
m
§ = 4.605+c+a(x1-x) for X < X < X;
= 4.605 C ‘ for X > X

1

F In fact, ¢ =0 for B < 1/e¢ where € is the static dielectric
; gonstant of the medium.
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-

where, xo, Xl, 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=21n (I/hwp) + 1

o \

where, hw = (4mn2e?Nz/m)? = 29(p*2z/a)2 ev

with wp 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, Xl, Xo

together with the I values Sternheimer used to calcﬁlate them are

given in Table T3.41.

TABLE T3.41
/ I(eV) a m X, X,

A 64 0. 4130 2.82 -0.10 2.6
13 164 0.0906 3,51 0.05 3.0
29 315 0.1070 v 3.39 0.17 3.0
323 0.1090 3.39 0.20 ‘320

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 § for

a given particle energy can be calculated hy:-
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§ = -
= a8+ (1 a)a2
a = ln(IZ/I)/ln(IZ/Il)
where 51, 52 are the density correction values corresponding to
I1 and I2 respectively.

Application of Sternheimer's equation to calculate & 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 asymptofic form of Sternheimer's
equation to x > x_ (Reference 24). This approximation gives 6 as
a function of the particle velocity, the electron density of the

material and its mean ionization potential:-~

(o]
1]

2 N
1n(a*N* —Lé/la) -1
1-p

11

where, © hea/hme

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 3.1l 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/ﬁe, where v is the particle velocity and v, the elect:on
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, ié uéed in the
ratio which thus become v/#e = 1375/22/3.

Empirical curves éf z*/z vs 3/22/3 based on experimental
results of the charge distribution of N, O 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:

~2/3 '
2%z = 1 = e~ 12ofz . | ~ (4.11)

(A similar expression given in Reference 17, gives z*/z values in
agreement with equation 4.1l within 1%.) The accuracy of equation
4.11 for substances other than emulsions is S5%. Experimental
evidence suggests that charge reduction should be taken into account
when the ratio fs/za/3 becomes smaller than a value between 0.04 and
0.07, corresponding to v/%e being of the order 5.8 to 9.6. Im fact,
from equation k.11 we can calculate that the error in using 22
instead of (z*)° in the region 0.0b,za/ > B < 0.07z3/ 5 is smaller

than 1.3%.

F}
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As the particle is further slowed down, the neutralization
of the ion procgeds 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

2 L 2/3
_ o .2/3_ = - 2/3
Bl = 52 = 37 = 0.0073z

(b) For velocities B < B,s electronic stopping is proportional to
the particle velocity through a universal dimensionless parameter

defined ast=

M. . :
Ve (E measured in MeV) -

m
4]

3 m
= 32.63%107"B* ooy
with s = %423
k Ve MeV/(g/cn®)

3/2
0.0793% Y Se Vgoye @M e g4

g
Q.
L

B
(34
=
®
]

For 'muclear 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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1 1n
B (@ -0.9988 e~1+5391)

n

S. = 2.78316 *103 ZZE'M -Gﬁ—}_ﬁ)-

(Sn measured in MeV/(gm/cma))

Experimental results have verified this linear dependence of
electronic stopping with particle velocity. For measu:ements of
protons in Ti, Ni, Ge, Fe, Ag, Reference 32, has been deduced that
linearity exists for 0.0027 < g < 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
B = O.OOli6zl/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 << 2
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 precice 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:~-

(4.16)
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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').

(¢) The particle should be brought to rest in the stopping medium
through the energy loss prccess and not by nuclear reactions
(which have appreciable cross-sections at high particle

energies).

(d4) 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 emulsiong, 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:

R(Eo) = /< -% > "l aE ' (5.01)
)

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

processs (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 5.0l. For protons this leads tn 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 &s
Y¢csda range'.

To avoid the increase in the uncertainty of theoretical

calculations of dE/ds at low particle energies the integral in

5.01 is split into two:

El -] | 0 ! -]
dE dE
- < B < .88 > =
R(E,) f 3 dE + f i B
E E
o 1

oy A
= [ <w % > 4 + R(8,) . (5.02)
E y

with R(El) estimated from experimental data. Since the expression
for <-€§§ >, equation 3.1l, cannot bé integrated analytically
one resorts either to numerical integration or to semi-empirical
formulae, based on the fact that a plot of 1nR vs InE exhibits only
a small curvature permitting linear fitting over appreciable parts

of the energy interval. Thus expressions of the form:

InR = Ina+bln B (5.03)
R = aEb

can be used to fi% experimental values.
For a given material, a depends on the particle type, while b

shows a small ( < 5%) variation. For different materials, b lies
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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 cma,-by mul tiplying the range expressed
in cm by NZ, and plot for a given particle (e.g. proton) energy the
resulting experimental range values vs 7, 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

were used the

in I .. values and found that when correct values of Iadj

ad]
curves were almost coinciding. This led them to sgarch for a formula
giving the range, in electrons per cma, as a fuﬁction of Iadj and
the particle velocity. They achieved it by simultaneous least
s'uafes 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 2 from 1 to 82. The formula

they derived is:
2 2 |
- A . \m n
Inx=1Ing + E E a (log Iadj) (1og T) (5.04)
n=0 m=0 .

(A is the range in electrons per cmz)
with the coefficient values of Table T.5.01l. Their results are in

very good agreement ( < 1%) with experimental data.

T,5.01

Coefficients 2 n in equation 5.04

(Reference 18)

n

- o . . 1 2
0 ~7.5265+107" 2.5398 | -2.4598%107"
1 72.3736%10"% ~3.1200%1071 1.1548*107 %
2 4.0556*10™2 1.8664%10~2 -9.9661%10™
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6.0 Scaling of Stopping Power and Range

From the stdpping poﬁer 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.

i

fhus, for a given stopping medium, different partiéles 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:

2 2 %2 2
b = L B
2 'pi

P

where i refers to the particle
Jj refers to the stopping medium

(itp > o.7z2/3, then z2 = Z)

Similarly, for the 'csda' range from equations 5.01 and 6.01,

we find:
2 m, n 2
Rl - (=/-B) =P
i = G202 Tw
- iy

In equation 6.0l, 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
P = 2y« l « [ gP
Ry = (my/z]) m) [Rid + Bzi (5)]
where B
P 2
B(a)=f(3.-—1)*?;;3-‘1da
z4 o zg B

From éxperimental results on emulsions bombarded with light
particles and theoretical considerations, Barkas, Reference 18,

derived the following expressions for Bz :
i

- 5/8y A -5 _ 5/3 2
Bzi (Iadj,B) = (48.0 + 5.81adj) = * 1072778 g/

valid for B < 22/137

Bz. (Iadj

- =5/8y A ,4=6_8/3 2
: ) = (7.0 + o.8;1adj) Z 1077z, g/cm

valid for z >0 and B > 22/137.

7.0 Stopping Power and Range in Mixtures and Compounds

Stopping iowers in ﬁixtures énd compounds are calculated on the

basis of Bragg's additivity rule. According to it the atoms for a

(6.03)

material act iﬁdependéntly from one another and independent of molecular
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binding forces, for the stoprping power process.

Wheﬁ 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
with atomic nﬁmber Zi and mass in amu Ai contributes n, atoms in the

molecule of a compound containing m elements and having density p gm/cmB,

then:
: n e (7.00)
N. = - . = p.N . 7001
1 1.660%1072% AV
. -n. A, n.A,
i=1 11 i=Ll 1
m
. § Ni.fi ni _Ei
- Lo A - A,
% Lo iz i 3.—.%.__3_ (7.02)
i ﬁ. E n
1 1
i= i=
m
E ;Nizi]_nl i S :niZilnI s
T - e - o (7.03)
- N.Z2 S n. A,
1 1 1l 1
1= 1=1
E«izj‘(c/z)jL i:nizi(c/z)i
C i=1 . izl
z = = : = & ~ ) ._ (7.04)
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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 ig 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 increéses 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 I. The most extensive studies
have been made for air and emulsion. For air, the current estimaﬁe
for I is 85 eV, in good agreemént with experimental results using
proton and alpha particles, while an evaluation of T 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 1
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'f, 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 Ba > 137z, while for heavier
elements better accuracy is expected.
For ranges it has also been found;.Reference 18, that the
formula:
m

.}.-Z:fi
R ° Lu R,
R

i=1

vwhere 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) Mo single theory is adequate for the whole of the energy

fange, extending from eV to thousand MeV.

(b)‘ Bethe's 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.

(¢) At lower energies the situation bacomes more complicated since
shell corrections become higher in value (absolute value) and

the ion charge starts fluctuating., Befhe's 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
particies 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 velocitigs smaller
than 0.2'7z2/3 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 (B < 0.00k6za/3).

The formulae for nuclear stopping, derived independently, by
Schiott and Biersack agree with experimental results for range

within the experimental errors ( " 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 umiversal stooping

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 rchell
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
velocity,as a function of both particle and stopping medium. Thus
a limiting value was set for € . 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 B
we find that given a value of € and a certain particle, B exhibits
a wide variation with the stopping mediume. Thus, setting a value
for € is bound to overestimate or underestimate the limit on §
set by the nature of the particle.

Thus, finally, a limit was set for B below which (B < O. oouézz/ 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 weightecd by the fraction of the

medium deps;ty contributed by the element (i.e. (Wh)i = niAi/ -niAi).
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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,
vhich also offer simplicity and accuracy. For other particles for
vhich the equivalent proton energ& is 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

pover by numerical integration according to Simpson's rule:

2AF (1 4 1
R(E + 24E) = R(E) + 5 gy * 5waaD * TE + 55

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:
d
- B - = 4k
AE =E; - B, = / dx) dx (8.01)
0

vwhere 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.

* after a change of variables we have to evaluate an integral of the form
o0}

(eat/t)dt =Int+ Sum 2%t%/nin
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 mp/l.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 (za/m§)1.0078 and
subtracting the range extension. This formula is a second
order equétion for 1n E and can be readily solved to give In E” E
and then the particle energy Ep =.E/l.0078’mp.

If the residual range is smaller thcn that corresponding
to mp/l.0078 MeV, the final energy can be calculated by
interpolation (using Maclaurin's formula and the relation

dR/4E = (am/ax)™t = s”L(E) we find if R' = R+ OR

(er)2  SS(E(R)
SEEr)) E 7

E(R, + 0R) = E(R ) + S(EA(g Ty +
[}
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Table T7.01

Input lList for program CELAR

(Calculation of Energy Loss And Renge)

Variable Format Description

NPART I4 Number of charged particles to be
considered.

NMAT IL Number of stopping materials to be
congidered.

NPE IL  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 I4 = 1 if stopping medium I is elemental

I

n if stopping medium I is composite

containing n elements.

AM(T),2M(1) 2E15.6 Required only if NCASE = 1, atomic mass
in amu and atomic number of stopping
© medium I. '
AMP,ZMP, AN 3E15.6 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 eguation 7.01)

—— End of stopping media data.
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Table T7.01 {contd.)

Variable Format Description
INDI I4 = 2 If output is required in MeV/cm

and cm for stopping power and range
respectively

£ 2 output will be in MeV/(gm/cm)
and (gm/cma) respectively.

DoM(K), LE15.8 To be given only if INDI = 2. The

K=1,NMAT densities of the stopping media
considered.

NCASE I4 = 1 Input particle energies are in
MeV/amu

= 2 Input particle energies in MeV

NCASE2 I4 1 Individual particle energies to

be generated by the program on an

equal lethargy basis, between Emax
and E:min
_ including E _ and E . , NPE Z1).

to be given (NPE points

= 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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AERendix C

The Unfolding Method

If in equation (4.3.6), P(S'- 8) is substituted by P(s'—.sj#)
2

over the interval Sj—:-sj + AV, this equation becomes:

~Q

s
max

Dj = W /‘ P(S'—»Sj%).¢(5'-Q).Z(S'—Q). e(st-q) 4s!
S . -Q :

min
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=2

have been considered by Gold, Ref. (72), and it is showm, Ref. (71)
that an approvriate 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 ¢ is (2) 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) o 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

(1)

(2)



satisfy eq. (2) within the expevimental error of D.

This "appropriate“ solutica is determined by an interative
method which generates successive "appropriate' vectors which
converge to the "appropriate’ solution. The particular technigque
employed here was developed by Gold, Ref. (71) and was applied as
in Ref. (73).

The input vector D is takem as the zero-order approximation ¢,

g(o) - D

and each iteration is derived from the previous one according to

the follcwing equations:

pl) _ p.oK)

(4)

i(k-rl): olk+l) D
vhere C is a diagonal matrix vith elements:

(kt1) _ () o (k)
i T = 4/

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 tests:

(k)y2
> n o (p; D)

X = Sum

i=1 D,
i

. . . 2 . e .
The iterations are stopped either when x is minimised or when it reaches

a bowrdary value which is set according to the experimental error.

(2)

(c)
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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 specira
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 éLi. 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 Li results are also compared with results obtained from proton recoil spectrometer measurements. The comparisons
show that the °Li technique gives good agreement with theory in the energy range 500 keV-7 MeV. In this energy region, the
SLi 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 éLi
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 spectrurn
standard NISUS with lithium-6 sandwich spectrometers

G. Koutzoukos, Bsc, Msc, pic *
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.?-®* Some of the problems
associated with the °Li spectrometer, such as uncertainty
in the ¢Li (n, &) 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 NisUs,* a
fast neutron standard, using a SLi spectrometer similar to
that used by Rickard. The spectrum in NiSUS 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.® The main purpose of these experiments was to test
the validity of using the ®Li 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 ug/cm? lithium fluoride neutron-
sensitive layer.

Measurements were carried out with the first pair at
integrated fast fluxes of 3 x 107 n/fcm?s and 6 x 107 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 10" n/cm® s and 3 x 10" n/cm? s (10 and 30 kW).

The spectrometers were positioned in the centre of the
NIisus assembly and each spectrum measurement consisted
of two separate runs, one with a neutron spectrometer
having one diode coated with SLiF, the other to measure the
coincidence counts arising from neutron reactions in the
silicon diodes, using a spectrometer with no SLiF 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
SLi (n, )t reaction

(¢) 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 (£, + E.) 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

83



KOUTZOUKOS AND BESANT

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
SLi (n, o) 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 (35 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
E, of the summed pulses is related to the neutron energy
E, by the formula E,=E, . Q, where @=4786 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
273 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

&4

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 875 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 E, will give a
triton of energy E; and an alpha of energy F, is determined
from theoretical considerations. First,

E(E,, %) = fi(E,) + fa(E,) cos 6* )

where 0* is the angle of emergence in the centre of mass
system. Therefore the probability that a neutron of energy
E, will give a triton of energy E, is given by

PUE/E) = 1o on (Bn, 0) @

where og4 is the angular cross section of the SLi (n, o)t
reaction, given by

Gax(En, 0%) = By + By cos 0* 4+ 05 B, (3 cos?0* — 1) (3)

(The coefficients B, and B, are discussed under angular cross
section.) Since

E.=E+Q-E

the probability of a neutron of energy E, giving an alpha of
energy E, is

P(E./E,) = P(E"/E)
where

E.=E + Q — E,

Thus the contribution of a neutron of energy E, to the

counts at energy E is
C(E/E;) = P(E/E,) + P(E'./E,)
where
E =E
and
E.=FE, + Q — E.
(If E is outside the possible triton energies for E, or if E'; 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
Ej ., is the upper energy limit to the j distribution group,
then the upper energy E;.; of the j neutron group satisfies

Ejd +1 = Et. ma.x(Ej + 1)-

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 ®Li 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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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 °Li (n, e)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 1-1:59% 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 = E,/E,) for E,> 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 aANIsN 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 8Li results have been combined into an 1/8 lethargy
grouping and in Fig. 4 they are compared with the propor-
tional counter results by Petr® and the ANisN calculation.®
It can be seen that aniSN underpredicts the spectrum in the
2 MeV region. This may be due to errors in ***U 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. § 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,

147 —~———— Max. triton energy
———-—— Max. alpha energy
12k —— —— —— Min. triton energy —

— -—-— Min. alpha energy /

2 4 6 8 10 12
Neutron energy: MeV

Fig. 1. Maximum and minimum triton and alpha energies from the
SLi(n, «)t reaction in terms of neutron energy

CRh
i

L

%
a
©
1000~ °
o
A
L)
2
<@
3 High energy

% /correction for
%o tritons

S @
s 3
T

Counts per channel

] 354 4 45

M N

1o 3732
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

Flux per unit lethargy

Neutron
energy, MeV 10 kW 30 kw 60 kw
ool 0-4660 0-5118 0-4185
o 0-9500 0-9867 0:9306
004> 1-1620 1-1990 11720
3062 1-7300 1-6970 1-5830
0081 2-2402 22120 2-1060
N 22810 2:3099 2-1840
o014 2:4110 24010 2-2440
o 26380 26430 2-7170
o1os 27970 28610 3-0450
o 3.4780 34840 3-3580
033 3.5630 35790 34220
523 3-8620 38670 3-5000
o330 3-4850 3-5100 34060
03 3-8070 3-8490 3-6470
o 41760 41860 4-1300
oo 3-8740 3-9290 4-4240
oz 4-8100 42360 6-4840
0udes 5-0010 4-7550 65570
ooae 7-3220 7.2590 7.2080
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1o Triton technique

Sum technique

o=D

Flux per unit lethargy (arbitrary units)

O 30 kW run
o 60 kW run

A 10 kW run
‘—I ANISN calculation

-

0-0 01

Energy: MeV
Fig. 3. Measurements of the NISUS neutron spectrum by °Li

sandwich spectrometers

Table 2. Neutron spectrum from sum analysis flux per unit

1-0

lethargy
Neutron energy, MeV 60 kKW run
0-52 0:482
0-63 0-468
0:75 0-437
0-86 0-359
0-98 0324
1-09 0295
1-21 0-283
1-32 0-262
1-44 0237
1-55 0256
1-67 0-237
1-78 0238
1-90 0-241
2:01 0228
213 0-230
224 0265
2:36 0232
2-47 0-247
2-59 0231
2:70 0222
2-82 0211
2-93 0-191
305 0:200
3-16 0-177
3-28 0-176
3:39 0-180
351 0-141
3-62 0-128
3-76 0-122
391 0-115
4-06 0-127
422 0-102
4-37 0-102
4-52 0-083
4-68 0079
4-83 0-073
4-89 0-072
5-08 0-049
5-27 0-060
5-47 0070
5-66 0-047
5-85 0-043
6-04 0-043
6-23 0-036
642 0-038
6-62 0-020
6-81 0-026
7-00 0-027
7-19 0014
7-38 0-016
7-58 0-010
777 0-018
7-96 0-011

[=J
=2
i

=
T

_~ ®LI measurements /8 lethargy
grouping
— ANISN (37 groups)

O Proportional counter

Flux per unit lethargy @rbitrary units)

| L 1 —_ 1 I 1
0-01 01 1-0 10
Energy: MeV

Fig. 4. Comparison between experimental and theoretical results
for the NISUS neutron spectrum
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| 1 L 1 1 J
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Fig. 5. Comparison between the neutron spectra derived from the
triton technique when the maximum triton energy considered is
increased; reactor power 30 kW

100} o
oF

o Range up to 600 keV
o Extended range to 800 keV

Flux per unit lethargy (arbitrary units)

| Y 1 t 1 ' 1
0-01 01 1-0 10
. 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

Table 3

Silicon resistivity, 2 cm Depletion layer, pm

1000 60-00
1500 232-38
2000 268-33
2500 300-00
3000 328-63
3500 349-86

86



SPECTRUM MEASUREMENTS IN FAST NEUTRON STANDARD NISUS

while there is no significant difference in the energy range
100430 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 wm is given by

D =06pV
where p is the silicon crystal resistivity in £2 ¢cm and Vis the
applied bias voltage.® This depth is given in Table 3 for
V=100V and p 1000-3500 22 cm.

For the Authors’ work the resistivity of the Si crystal was
1100 £ cm, giving a depletion depth of 200 um. This repre-
sents the range of a 6-8 MeV triton in Si.'° 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 Robaye!! and Bluet er al.!?2 have separately
studied the' available experimental data below 600 keV on
the angular distribution of the Li® (n, )t cross section, and
- have calculated the variation with neutron energy of the
coefficients B, and B, of equation (3).

Recently Rickard,'3 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 zZEBRA
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

100

B Modified Bluet set
o Bluet'Zset
& Mahaux and Robaye''set

Flux per unit lethargy (arbitrary units)

1L ) 1 . 1 | I ]
001 O _ 70 T0
Energy: MeV
Fig. 7. Effect of the differential cross section of the reaction

SLi(n, )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 B, and B,, 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 B, and By 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 B,, B; (mb/sterad) for the angular distribution
of the °Li(n, o)t reaction

Mahaux and
Neutron Robaye!! Bluet et al.*? Rickard!?
energy,

MeV Bl Bz B], B2 B1 Bz

0-018 7-3 1-75] 21-0 35| 260 4-0
0-030 9-0 2-:25| 225 51| 32:0 8-0
0-045 12-0 31 230 75| 380 11-0
0-062 11-5 4-2 24-0 10-5 | 440 150
0-081 14-0 6-4 255 14:0 | 48-0 19-0
0-101 17-0 9-8 28-0 190 | 42:0 230
0-123 260 17-0 335 310 | 420 33-0
0-147 33-0 265 485 42:0 | 37-0 47-0
0-172 48-0 415 530 60-0 | 50-0 660
0-197 57-5 615 68-0 750 | 68-0 97-0
0-224 75-5 91:0 82-0 | 1100 | 77-0 | 110-0
0:252 70-0 | 114:0 700 | 128:0 | 67-5 | 1280
0-281 52-0 | 1250 52-0 | 1250 | 59-0 | 125-0
0-310 350 88-0 35-0 83-0 | 35-0 83-0
0340 140 50-0 14-0 50-0 | 14-0 50-0
0-371 9:0 32:0 9-0 32-0 9:0 320
0402 60 28:0 6-0 28-0 6-0 28-0
0:434 31 170 31 170 30 17-0
0:467 19 14-0 19 14-0 19 140

Table 5. Effect on measured neutron spectrum of the change in the
coefficients for the angular cross section of the °Li(n, «)t reaction
(results from 30 kW run)

Flux per unit lethargy _
Neutron Data set

energy, Mahaux and Data set Modified

MeV Robayet Bluet!? Bluet set
0:018 0-5054 0-4627 0-5118
0-030 0-9876 0-9225 0:9867
0-045 1-3370 1-2380 1-1990
0-062 2:1640 2:1950 1-6970
0-081 2:9350 3-1310 2:2120
0-101 3-0830 27770 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 3-4340
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 36710 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 resolved; therefore no change should be
introduced in the resolution function employed (the
Gaussian form).

DISCUSSION
The spectrum in the fast neutron spectrum standard Nisus

has been measured over the energy range 10 keV to 8 MeV

with °Li 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 ¢Li (n, o) 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 B, of the differential cross section for the
SLi (n, «) 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 °Li (n, &) 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
273 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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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 rangs 1-2 MeV as do the results
reported here.
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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

1. Introduction

One of the most powerful methods for fast neutron
spectrometry is that employing surface-barrier semi-
conductor diodes and the °Li(n,x)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
10 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 1012-10'3, 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 SLi
sandwich spectrometer

A ®Lisandwich 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 ®Li)
which in most of the commercially available spectrom-

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.

eters is evaporated on one or both of the diodes, or
alternatively introduced between the two diodes on a
thin supporting film®), 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
oceur 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 Q2cm.
They were manufactured according to their standard
design where an 80 pg/cm?® 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 um) 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

* 1t should be noted that energy loss in matter is considerably
higher for alphas than for tritons.

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 O ring to
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Fig. 1. Cross-section of the demountable spectrometer with the
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 O 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 O 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, NISUS*), 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 counters®),
and the region from 1 MeV upwards by foil unfolding
techniques®). The spectrum has also been calculated

CADMIUM

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 B,C 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 1.5x 107 n/cm? s
and 3x10" n/cm?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 ug/cm? neutron-
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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,«) 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 y-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 (7') for each of their time constants, with 1 us
gate width in the linear gate and integrator unit,
should be 1 ps for optimum fwhm resotution.

Assuming for the pulses from the diodes an exponen-
tially rising form, given by

va(t) = Va(1—e™"), (N

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 T3 r, i.e.

bo(f) = Vi(L—e™"T). 2

This gives a rise time of 2.27T us which is 2.2 us for
T =1 ps. The high-level discriminator is set at a level
of 1.35 MeV allowing the least energetic alpha particle
from the °Li(n,a)t reaction to pass {considering the
energy losses in the dead layers). With such a slow
rising pulse (7= 1 ys), 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, 7 should 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

v

max out

—(p-1)
=p , 3)
V;nax in

where p=T/r (if T=30 us and r=10ns, 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 |

Time (in ns) for shaped pulse height to reach 1.35 McV.

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 resclving 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 7, gives the figures shown in
table 1 for different incident particle energies.

These values indicate that for 7= 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 obscerved 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:
E+b 4)

1
= —
w
where 7 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 cach 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)
E.—AE, = W(i,—b), (5)
E,—AE, = W(i,—b), (6)

with E,=2.733 MeV and E, =2.053, AE,, AE, being
the energy losses of the triton and alpha particles in the
LiF and gold layers. AE, was written as AE, = KAE,,
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 ¢/min) down to
25 Hz (5600 c/min). Again no change was observed in
the peak channels.

Having determined the values of b and k, W and
AE, can now be determined from eqgs. (5) and (6). AE,
for a diode with 120 pg/cm? LiF coating and 80 pg/cm?
gold layer was found to be 40 keV.

For the sum distribution there is only one calibration
peak corresponding to energy 4.786—(4E,+AE)
(MeV), that is

4.786 — (AE,+ AE,)

Il

st(ls_ bs) s

or
4786 — (K+1) AE, = W,(i,—b,), (7

where b, 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 AE,, calculated above, results in a
value for W,

This calibration technique gives / in eq. (4) as a
function of K and b, (for a given energy), and this
equation for the triton side can be written

j - Ki—i) = b(K=1)
KE,—E,

b. ()

Since K and & have been determined as independent
variables (from each other), the standard deviation of i
will be given by:

i\ , <6i>22
g, =\—) ok +{—] a7, 9
(Z) ot +(2) o ©)

and the probable error will be +1.414a; ¢ was found
by taking the values of /=109 and i,=80 channels
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TABLE 2

Standard deviations of K, b and i as a function of particle energy.

2 (0i/0K)? o i
E  (di/obko; (1) (2) M )
(MeV) 10%  50%
1 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,
calculated in appendix B and assuming a 10% probable
error in the calculated value of K. This gave a value of
62 =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.

v
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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 ANISN
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
spectrometers?) and proportional counters®).

The major difficulty encountered by workers using
the SLi (or for that matter the *He) 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

B TRITON TECHNIQUE

| SUM TECHNIQUE

A ANISN

FLUX PER UNIT LETHARGY (ARBITRARY UNITS)

[ 1t |
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| I I B A | { 14

ENERGY MeV

Fig. 4. The NISUS spectrum measured with the demountable spectrometer.
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Fig. 5. Comparison of experimental results for the NISUS spectrum.

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 ug/cm? 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

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=AE,/
AE, it was assumed that the particle energy losses are
small compared with their initial energies (E,=
= 2.053 MeV and E,=2.733 MeV). It was further
assumed that the ®Li(n, )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
ihduced reactions.

Under these assumptions the value of the ratio will be

AELF 4+ AEM
AEFT 4 AEM

K,+K, AE}|AEFT
1+ AEMAEFT

dE,\E«=2.053
dx /;
P E,=2.733"

(&)
dx /i

with i =1 for LiF, 2 for Au.

, (10)

where

(1
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For each dead layer K is calculated from the Bethe
formula for energy loss incorporating corrections for
shell effects

2 4 2 2
_d_E _ 2nZ 2e NZ (ln nv _9 a2
dx niv I YA

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, Z, =1 have been used.

The mean ionisation potential value used for Au is
that recommended by Fano, i.e. /4, =761 e¢V. That for
the LiF was calculated according to Bragg’s additivity
rule, as:

2
NZIni=Y NZnl, (13)
Z

where /=1 denotes values for lithium, and /=2
denotes values for fluorine.

Values of / for lithium and fluorine were calculated
by the rclation®)

Ly = 12Z+7eV,

giving I, =43 ¢V and [, =98 eV.

The shell correction terms were calculated according
to the nomogram given by Fano®) and are shown in
table 3. These values are calculated on the basis that
shell corrections do not vanish as v—¢, which is in
agreement with the 7 value for Au not being the
adjusted value. For lithium and fluorine there is no
difference between / and I,4;, due to their low atomic
number, so that use of eq. (14) is justified.

The following values of K; were then obtained from

eq. (11)

(14)

(LiF) K, = 5.52, (15)

(Au) K, = 3.58. (16)

The ratio 4E*/AESY is calculated by the relation

AErAu _ ﬁ (dE(/dX)é:;z.naMcv

AE:JF dyir (dE:/dv\')lE‘izz.ns MeV

; (17)

where d,, is the thickness of the gold layer and 4 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 ug/cm? and a gold layer of

TABLE 3

Shell correction terms.

LiF Au
Alpha 0.072 —0.170
Triton 0.100 —0.140

80 ug/cm? the following ratio was obtained

AEM
AELiF
t

= 0.53. (18)

Substituting the values of K,, K,, AEM/AENF in
eq. (10) resulted in a value of 4.85 for K.

Appendix B

A straight line was fitted to a set of # 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 ¢ and b in eq. (19) with
minimum variance.

y =ax-+b. (19)
These values are given by
Z yi(x;—X)
a= ’=n’ , (20)
Z (x;— %)
i=1
h=y—ax, (21)

with

A usual estimate for the variance of b is given by the
relation:

—2
i 2

V(b) = o*(h) = l+—— a’,

n (22)
n Z (x;—X)*

with

1
2
g =

Lyi = (ax;+b)]*.

1

!
—_ 23
n—2: (23)
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TABLE 4

Readings of the multichannel analyser and the electronics.

Pulse height (V) 0.06 0.08 0.10
Peak channel 84 107 130 152
Pulse height 0.24 0.287 0.40¢
Peak channel 288 330 411 453

0.12

0.50?

0.14 0.16 0.18 0.20 0.22
174 197 219 243 265

2 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, 6> = 1.26, 6%(b) = 0.37, a(h) = 0.61.

Since the error distribution for b was not known, b was
given as

b =14.064+1.41406 = 14.06 +0.86

(£ 0.86 representing the probable error of the value
given for b).

References

1) 1. C. Rickard, Nucl. Instr. and Meth. 105 (1972) 397.

2) G. Koutzoukos and C. B. Besant, to be published,

3) G. B. Bishop, Nucl. Instr. and Meth. 62 (1968) 247.

4) C. B. Besant, J. Emmett, C. G. Campbell, M. Kerridge and
T. Jones, Design and construction of a fast reactor neutron
spectrum generator —~ NISUS. J. Nucl. En. 18 (1973) 425.

5) J. Petr, Ph. D. Thesis (Imperial College of Science and
Technology, London University, January 1974).

6) S. Azad, Ph. D. Thesis (Imperial College of Science and
Technology, London University, July 1973).

7) M. Awcock, private communication (1974).

8) U. Fano, Ann. Rev. Nucl. Sci. 13 (1963) 1.

9) H. W. Barkas and M. J. Berger, Tables of energy losses and
ranges of heavy charged particles, NAS-NRC 1133 (1964)
pp. 103-172.



