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ABSTRACT

The purpose of this investigation is to determine the fast neutron
spectrum by use of a single multi-threshold foil. The foils and the
elements which constituted the foils were selected by the following
criteria: availability of adequate cross-section data, energy
dependen;e of the given reaction, gamma radiation emitted during decay
and thte half-life of the daughter. The two foils selected were an
In-Fe-P pellet, and ALCOA 2509 (Al-Ni). The gamma spectrum of each
constitute was stripped from the composite spectra using a least-
squares fit. The éctivation results were utilized to calculate the
fast flux using the weighted orthonormal method. An extensive

error analysis was performed on calculated results.
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I. INTRODUCTION

The purpose of this thesis is to develop an experimental, analytical,
and calculational method of obtaining fast neutron spectral information
from a single multi-threshold metallic foil. A few of the common needs
for measuring neutron environment are instrument calibration, reactor
experiment monitoring, shield survey experimentation, and radiation
damage analysis.

The neutron environment may be determined by semi-conductor spectro-
meters, photographic emulsions, fission counter, proton recoil methods,
and nuclear reactions. The routine needs for measuring neutron fluxes
and spectra are best met by threshold foils. Threshold foils are
inexpensive, simple to use, and insensitive to gamma radiation. Such
detectors have been used for nearly 20 years. However, the use has been
hindered by the lack of sufficient reliable cross-section data and
standardization of techniques. A single multi-threshold foii is an
attempt to bring reliability and standardization to neutron flux
spectra measurements. If the neutron flux is measured at different
energies simultaneously, several sources of error may be eliminated.

This thesis reports a study of selecting multiple threshold
detectors, exposing detectors to an unknown flux and counting the
gamma-ray energy spectrum, relating the gamma spectrum to detector

activation, and relating detector activation to the unknown flux.



II. LITERATURE REVIEW

A. General
The neutron flux may be defined as the product of neutron density
and neutron speed. Neutron velocity (or energy) is the usual means
of classification. A convenient breakdown is as follows (13):
Thermal Neutrons - - - Energies below .5 ev
Epithermal Neutrons - - 0.5 ev to 10 Kev
Fast Neutrons - - - - - 10 Kev to 200 Mev
The thermal neutron distribution is usually Maxwellian or a
hardened Maxwellian. The actual energy limits depend on the average
temperature of the slowing down media. The epithermal (or slowing
down region) neutron flux distribution varies with a 1/E dependence.
The fast or fission spectra ranges from 15 Mev to .0l Mev. The most
common empirical relationship to describe the fission spectrum is the

Watt spectrum.

N(E) = e F sinn (25)/2

This formula is consistent with a model in which the neutrons are
emitted from the highly-excited fission fragments after they have
separated. The actual fast flux spectrum is not that of Watt's spectrum,
since the lower portion is usually more attenuated more than the upper
end of the spectra. This effect is due to very high energy neutrons
(15 Mev) having several scattering collisions, but retaining enough
energy (1.0 Mev) to remain éast neutrons. Neutrons passing through a
substance may undergo various processes, depending on the energy of the

incident neutron and the substance. The cross-section is defined as the



area associated with a nucleus for particle reaction. The cross-
sections for reactions may be written as o(n,x). The first symbol

in parentheses is the incident particle or radiation, and the second
the emitted particle or radiation. After the neutron interacts with
the material the nuclei is evelated to an excited or unstable state.
These nuclei undergo particle or photon emission until they reach

a stable form. The particular mode of decay for a nucleus is its decay
scheme. The incident gamma activity of a given material would be
proportional to the number of nuclei, the incident neutron flux, and
the cross-section.

A foil may be defined as a discrete quantity of material, solid,
liquid or gas, which can be irradiated and measured for its induced
activity. A threshold foil has a particular response to a given flux
at a specific neutron energy characteristic of that material. 1In this
work the author will limit his foil selection to solid metallic foils,
or semi-metallic powders. Metallic foils are inexpensi;e, easily
obtainable and require little preparation for insertion in a swimming
pool reactor core. Semi-metallic foils may be metallic powders and
other elements on a homogenous powder. However, these must be placed
in water tight containers for irradiation.

The fundamental problem in prior fast neutron spectrum measurements
is that much of the fast neutron energy spectrum effective in radiation
damage to solids lies below the threshold reactions in materials.
Careful attention was focused on reactions in the Kev range to combat

' this problem.
Neutron fluxes in many present day reactors enable experimenters

to attain appreciable activation of materials even when only trace



amounts of these materials are present. This characteristic of nuclear
radiation has opened up many possibilities not previously available

to the analytical chemist. The first systematic presentation of radio-
activation ‘analysts as a method was made in 1947 by Clark (3).

B. Threshold Detectors

Atomic species which undergo nuclear reactions of neutron capture
in higher energy regions (above.l Mev) and for which the capture
cross-section is small below a certain threshold energy and considerably
larger above this energy are called threshold detectors. 1Ideally,
threshold detectors have zero sensitivity below the threshold energy
and constant sensitivity above the threshold energy. 1In practical
situations, the cross-sections of the threshold detector nuclei
increase with energy after the threshold energy has been reached, and
at higher neutron energies, the cross section valve is not constant.

The concept of "effective threshold energy' was introduced by
D. J. Hughes (10). It was assumed the cross-section riées smoothly
from zero at the actual threshold energy (calculated from reaction
energies) to a constant value. The rise may be determined by theoretical
considerations, or by observed cross-section dependence with energy.

The effective cross-section is calculated such that the same total
reaction yield would be obtained if the cross-section rose discontinu-
ously from zero to its constant value at effective threshold energy.

The product of the cross-section and the neutron distribution
(fission spectrum) as a function of energy is known as the response
function of reaction yield. T. Passell and R. Heath have published

response functions for the fission reaction with uranium-238, the (n,p)



reactions of phosphorus-31, iron-56, and sulfur-32, and the (n,)
reaction of Aluminum (3) then utilized the cross-section data tabulated
by R. J. Howeraton. Moteff, Beever, and McDoule successfully used a
Cu-Mn-Co Alloy for slow neutron measurements in 1959. This was one

of the first applications of a multi-foil detector. J. C. Ringle and
R. A. Rydin investigated single-threshold detectors over a energy range
of 0 to 30 Mev. Passell and Heath investigated the properties of
nickel as a fast flux monitor.

A detailed study by W. W. Gerken presents a summary of multiple
threshold detectors, the neutron energy effects measured, counting
techniques and corrections employed. Irradiation conditions were
reported to enable future experiments to select detector matefials
(1963). The construction of a multi-threshold foil was investigated
by M. Holkenbrink. An Indium, Iron, Phosphorus Powder Foil was
fabricated for preliminary measurements of fast flux (7).

The author selected seven multi-threshold detectors for further
study and analysis. The entire selection criteria of elements and multi-
threshold detectors is reviewed in section III.

C. Cross-Sections

The threshold concept depends primarily upon the accuracy of the
tabulated cross-section data. There is considerable variation found
in literature of cross-section data as a function of energy. Considerable
experimentation is under way to improve and extend the data available
on the cross section of elements. Cross-sections for threshold detectors
are generally published as the average cross section over the fission

spectrum.



The importance of cross-sections to threshold detectors for flux
determinations has been realized by several investigators. They have
attempted to standardize and compare cross-section values to those
measured by various laboratories. The first tabulation of threshold
data was by D. J. Hughes in 1953 (10). R. Rochlim made a considerable
number of cross-section measurements in the Brookhaven National Laboratory
Graphite Reactor in 1959 (3). 1In 1961, C. E. Mellish presented a
tabulation of published values for a number of threshold reactions.

In an attempt to standardize cross-section measurements between
laboratories, Mellish normalized the cross-section measurement to 60
millibarns for the S32(n,p)P32 reaction. This value appears to be
much more accurate than the value of 30 millibarns found by Hughes,
Spatz, and Goldstein in 1946 (15). The normalization by Mellish
indicates substantially better agreement between laboratories than
had been previously realized. Hughes updated his cross-section measure-
ments with the Brookhaven National Laboratory Report 325 (11). The
first supplement was issued in 1960, changing 80 cross-section curves.
A second supplement was issued in May 1964 by Magurno in an attempt
to include new measurements of neutron cross-sectioms.

The author utilized the latest cross-section data available,
2nd supplement, Brookhaven Report 325, by Magurno; where applicable,
supplemented by D.J. Hughes and Howeraton. An attempt was made to
select mean values over the entire energy range. The estimated
cross-section accuracy of the reactions used in this work is presented

in Table 2.1.



Table 2.1

Estimated Accuracy of Reaction
Cross-Section Data

Energy Range Estimated

No Reaction Reference (Mev) Uncertainty
1 a1%7 (n,0) NaZ? 1 5-20 + 10%

13 6.7-14.2 +10 - 15%
2 a1%7 (n, pymg?’ 10,11 14-14.1 +7 - 15%

13 2.5-7.5 ¥ 15%
3 2 % (n, 2n)ag!0® 10,11 9.6-14.5 + 10%
4 Al (n,0)Aul?® 10,11 Epithermal + 10%
5 Nise(n,p)Co58 | 1 0.5-15.0 + 10%
6 Ea*2 (o, 00y In o™ 10,11 0.35-5.3 + 10%
9 P2l (n, pysidt 13 1.6-14.1 +5 - 10%
8 Fe>° (n, p)Mn>° 10,10 3.4-14.1 + 10 - 15%
9 Zn64(n,p)Cu64 25 2.-3.6 + 10%

-
]

Rydin, R. J.

25 - Howoraton

13

Magurno

10,11 - Hughes



D. Counting Technique

Scintillation counting is one of the oldest detection techniques.
The visually detected scintillations of energetic alpha-particles were
first noted by Sir William Crookes in 1903. The visual scintillation
counter became obsolete in the 1930's, and the next 20 years were
characterized by the rapid growth and development of electronic counting
techniques. Gas filled ionization chambers as the ionization detector,
the proportional counter, and the Geiger-Muller counter are well
developed operating methods. With the development of sensitive photo
multiplier tubes, the scintillation counter regained its former prominent
place in nuclear physics research. Curran and Baker in 1944 first used
the current generated by a photomultiplier with a zinc sulfide screen
for the measurement of the intensity of alpha omitting sources (17).

Since the gamma spectra is the most predominant and simplest to
detect, it was selected to be utilized. A single 1 3/4"™ x 2" sodium
/’iodine, thallium activated crystal was selected for gamma ray detection.
Gamma rays interact in a NaI(Ti) crystal in essentially three ways:
the photoelectric effect, the Compton effect, and pair production.
The absorption coefficients for three basic processes, along with the
total absorption coefficient for Nal are shown in Figure 2.1. Below
about .1 Mev, the photoelectric process is dominant. From 0.1 to 0.4
Mev the photoelectric and Compton processes are both important; from
about 0.4 to 2 Mev the Compton process alone is dominant. From about
2 to 7 Mev both the Compton process and pair production are significant.
And above about 7 Mev the pair production process alone becomes predominant.
The gamma rays we observe have energies that range from 0.1 to 2 Mev; thus

the photoelectric and Compton processes are our main consideration.



After the rays interact and deposit energy in the NaI(Ti) crystal,
this energy is released as a light pulse or scintillation. The light
pulses emitted by the scintillation crystal are proportional to the
energy deposited in the crystal by the gamma ray. These pulses are col-
lected and stored in a pulse height analyzer and are displayed as the
number of pulses of a given height versus channel number.

From the gamma-ray pulse height spectrum the energy of the gamma
ray source and the half life of the spectra can be found. The pulse
height at which the photopeak reaches its maximum height corresponds to
the energy of the incident gamma ray. The intrinsic variables that
affect the gamma-ray spectrum are: 1) the decay schemes of the various
nuclides, and 2) the interaction processes of radiation with matter.

E. Gamma Spectra Analysis

Various methods have been developed to analyze gamma spectra.
Spectrum stripping is the oldest and probably the simplest method of
spectrum analysis. The pulse height spectra resulting from different
monoenergetic gamma rays interacting in the counting crystal is determined
experimentally; these are response functions. A library of response functions
is developed, covering the energy range of the unknown spectrum. A response
function of the same energy is adjusted in intensity so that it matches the
photopeak of the highest energy. This response function is then subtracted
from the unknown spectrum. This corresponds to removing from the unknown
spectrum the entire contribution of the highest gamma ray. The next
highest photopeak is then handled by the same technique, until the resultant

spectrum is zero at all energies (2).
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Matrix inversion, or spectrum unfolding is similar to the stripping
method but is more sophisticated and more accurate. A theoretical approach
relies on a minimum of experimental information; the probabilities are
derived for all possible interactions of the incident gamma rays using
Monte Carlo calculations (3).

The best method of analyzing a complex spectrum appears to be the
least-squares analysis. The response functions are fitted to the unknown
spectrum by the least-squares technique. The method by Heath is general
in scope, capable of accurate photopeak area calculations, and corrects
for gain shift.

Ringle used a modified spectrum-stripping technique for gamma analysis.
The Compton distributions from each ray are removed by subtraction of
experimentally determined Compton distributions. The photopeak areas
are found by a non-linear least-squares technique and the photopeéks are
removed from the spectrum. The experimental Compton distributions were
obtained from various monoenergetic sources. Corrections were made for
detector efficiency, source self-absorption, background in the crystal,
and dead time in the pulse height analyzer.

In this work the author uses a method of resolving the composite
gamma ray spectra of several nuclides by a least squares technique.

Dr. D. R. Edwards, Director of the University of Missouri at Rolla Reactor,
modified a computer program, PPA, by Murphy for an IBM 1620 Model II
computer. The experimental data is fitted with a Gaussian distribution
function, containing a linear bias term through the use of the iterative

least-squares technique (26).
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F. Flux Measurements

Numerous investigators have presented successful measurements of fast
neutron spectra. J. B. Trice made a series of thermal, epithermal, and
fast neutron measurements in the Materials Testing Reactor (3). An attempt
was made to establish a correlation between neutron-energy distribution
and radiation damage (8). However, the measurements resulted in crude
neutron spectra, due to inaccurate cross-section data. Trice compared the
results of measurements made between several reactors and indicated good
results. P. Leger and B. Sautiez measured the neutron spectrum in the
Melusine reactor at Saelay, France, in 1959 using phosphorus, sulphur,
magnesium, and aluminum as detector materials (9).

J. A. Grundl and A. Usner made measurements of the fast neutron
spectra of several fast reactors. They represent spectral differences
by comparing the ratios of the activities of threshold detector reactions.
The fast neutron spectrum in the Oak Ridge Research Reactor (ORR) was
measured by P. Dragoumis in 1960 (3). These measurements evaluated the
effects of gas atoms in the ORR Reactor. Hurst developed a technique for
measuring neutron spectra by calibrating a series of threshold detectors
with activities thresholds at successively increasing energies, up to
3 Mev (21).

Early work with nickel resulted in considerable disagreement and
uncertainty between laboratories (21). Cobalt-58 obtained from the (n,p)
reaction of nickel-58 may be detected free from interference by all other
activities produced by neutrons on nickel. However, interference due to
cobalt-60 from thermal capture in cobalt impurity can be troublesome for
long irradiations. It was noted the cobalt-58 has a thermal burnout of

one percent for thermal fluxes greater than 1015, Rr. G. Jung, et. al.,
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at Battelle Memorial Institute has developed a method for determining
effective threshold energies and cross sections (3). The effective
threshold energy is determined by irradiating materials at different
distances from a fission source in water. As the effective relaxation
distance of each energy group in water is different, the effective
threshold energy of a material can be determined. J. R. Ringle at
Lawrence Radiation Laboratory developed a technique for measuring neutron
spectra in the energy range of 2 to 30 Mev (2). The threshold foils

were used as energy dependent neutron detectors with the restriction the
residual nucleus must emit a gamma ray. Computer programs were developed
to analyze the gamma spectra, calculate the cross sections, and generate
the neutron spectrum.

The effective threshold method is one of the oldest and most widely
used of analytic methods (5). The expression, for the activation of a
threshold foil is replaced by an equivalent expression which assumes that
the actual cross-section curve as a function of energy can be replaced by
a step function which starts at an effective threshold energy.

The polynomial method assumes the spectral shape to be composed of
an arbitrary weighting function times a polynomial in energy. The
difficulty with this procedure is that the resulting set of linear
equations is poorly conditioned which leads to oscillations and even
negative values for the flux (4).

The Dierckx Method is based on the fact that the spectral shape of
reactor spectrum is a decreasing exponential function of energy. Also an
assumption is made that the initial part of the cross section curve for
each detector contributes essentially all of the activation since the

fast neutron spectrum decreases rapidly with energy. The energy spectrum
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is broken up into (n - 1) energy bands corresponding to n detectors with
two detectors in the upper band and one in each of the others. The flux
in each band is assumed to have the following shape corresponding to the
first assumption. It is noted that this method is limited to reactor
type spectra (5).

J. J. Baum developed the Italian Iterative Method. This method is
essentially a combination of the effective threshold method and the
Dierckx method and offers a solution to the problem of curve fitting with
the effective threshold method (15).

The weighted, orthonormal method (or cross-section expansion) assumes
the flux to be given by a weighting function times an expansion of known
functions of energy which are required to form an orthonormal set (33).
The weighted orthonormal polynomial method is a combination of the
orthonormal and polynomial methods. In this method the flux is expanded
in a series of polynomials which are defined to be orthonormal. .J. C. Ringle
and R. A. Rydin received good results utilizing this method.

Ringle developed a method where the cross-sections and flux are
expanded in a series of legendre polynomials. He also used a method of
expanding the flux in a series of orthonormal trigonometric sine and
cosine functions. D. Di Cola and A. Rota summarized various flux
expansion methods and developed the method of least-squares series
expansion methods. This method holds a good deal of promise; however,
this procedure involves a statistical study based on the Monte Carlo
method.

The previous listed methods for spectra evaluation were compared by
various authors. Generally, the flux was assumed to be a 1) straight

line, 2) step function, 3) sloping line, and 4) various combinations
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of the preceding three assumptions. Each spectra evaluation was
compared against these flux assumptions.

The weighted orthonormal method was found to be as good as, if not
better than, any foil method presently available.. A primary advantage
of the method is its ability to fit arbitrary spectra, while other methods
are restricted to spectra with certain distinch features. This author
selected the above method for flux calculations. The program FUSE-3 by
Rydin was modified to fit the IBM-1620 Model II computer (l1). The least-
squares expansion method is being further investigated by Dr. D. R. Edwards
for flux determination from multi-threshold foils. This work is in
conjunction with the National Science Foundation Grant for Fast Flux

Determination from a Single Multi-Threshold Foil.
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III. FOIL SELECTION

A. Desirable Criteria
Threshold reactions with neutrons are observed for a number of
different processes. 1In general, we choose from the inelastic scattering

reactions and any charged particle reaction. The usefulness of these

reactions can be determined from the following criteria.

1.

Threshold. The effective threshold of the material would have to be
from .1 Mev to 15 Mev and sensitive to fast neutrons only. There exist
reactions which occur at thermal or epithermal energies that introduce
unwanted complications and activities.

Cross Section. The reaction cross section as a function of energy must

be recently tabulated for O to 15 Mev. The energy dependence of the
cross section should indicate a sharp increase at energies just above
the effective threshold energy, preferably similar to a step function.

Gamma Spectra. The daughter should decay to produce a promihant gamma

peak which is easily identified between 0 and 2 Mev. It should be
formed in sufficient quantity to allow for reasonable detection
statistics. The prominant peak will be used to gain knowledge of the
activation of the material but will yield an observation point used in

spectrum stripping of the materials in the multi-threshold foil.

Half-Life. The half-life of the daughter nucleus should be on the

order of hours to days. A half-life of this order will omit enough
radiation for good detection in reasonable activation times.

Miscellaneous. The cost of the material used, and a purity necessary

to yield clear data with little interference, should be reasonably
low. The material should be obtained in a form that allows easy

transport and core placement.
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Although salts, liquids, and other states are observed to exhibit
threshold reactions this survey was focused on metallic foils. The
metallic foils are small, inexpensive, and easily irradiated. Also
many alloy4% are manufactured from desirable metallic elements which
exhibit the¢ above criteria. Since the UMRR does not, at present, have
a pneumatic¢ tube for irradiation of samples, foils were exposed to the
water environment or placed in water tight containers. An exception
to the metallic foils was the In-P-Fe powder foil developed by
M. Holkenbrink at the University of Missouri at Rolla. This foil
and one of its constituents were irradiated in a water-tight container.

In selecting a single multi-threshold foil other factors to consider
are: 1) the compilation of other nuclear reactions that might interfere
with detection of the radiations from the desired reactions, and 2) the
probability of interference from the reactions as cross-section for each
reaction, abundance of target material, half-life and energies of
radiation from the product nuclear.

B. Selection of Elements

The periodic chart of elements was examined, considering the state
and desiralble criteria listed in the preceding section. ?he chart of
the nuclides was studied to further eliminate elements with conflicting
radioactivity. The previous work by various authors and their recommen-

dations for future work was considered in selecting various elements.

56

The various authors indicated the Ni56 (n,p) and Fe (n,p) reaction

27
should be included in a multi-threshold foil (3, 12). The Al (n,p) and
(n,a) reactions were selected using the authors suggestions (1, 2, 12, 20).
There was considerable difficulty in selecting a low energy

detector (< 1 Mev). An isotope of silver was considerer
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eliminated as the emitted radiation is weak and has poor detection
statistics. The Ni®? (n, 0) reaction was considered but dismissed for
the above reason. The remaining detector in the low energy range was
indium. It has a low threshold energy of .4 Mev; however, it has
interferring radiation from other nuclear reactions and poor alloying
quantities. The cross section data is incomplete past 5.5 Mev for the
(n,n') reaction. Since indium was readily available in pure form. it held
the most promise as the low-energy detector.

Phosphorus was selected as it has only one isotope, and has one
predominate nuclear reaction. Silver has éeveral reactions which
covers a range of low to high threshold reactions. Copper and zinc were
considered for future study due to the number of isotopes, reactions and
alloying characteristics. Gold is alloyed easily with indium; hence, data
is presented to account for the alloys gamma spectrum.

This composite selection of elements varies from phosphorus.with
one isotope to zinc, and copper with five isotopes. The range of the
elements varies from indium at .4 Mev to copper at 11.4 Mev. The gold is
not considered as a threshold detector and will only be treated for
information purposes.

A summary of the elements and the desired reactions is presented
in Table 3.1. They are listed in the order increasing magnitude of
threshold energy. It should be noted the wide variety and assortment of
values the authors have for the threshold parameters. The authors
selected the most recent values as displayed in Table 3.3.

The gamma spectra of each element was recorded using the counting
technique described in Section 4. All samples were irradiated at a power

level of 10 Kw for the time period shown in Table 3.2. The foil
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: Effective Effective 4
Element and Threshold Cross Section Radiation Half
Nuclear Reaction (Mev) (Mb) Reference (Mev) Life
Aul?? (n,7)Aul?® None 204 5,19 412 2.6 d
None — 18,19 412 2.6 d
oatt? (o, 0 f) a0 1.2 300 22 .335 4.5 h
1.3 290 1 .335 4.5 h
.45 —_— 18,19 .335 4.5 h
P31(n,p)Si31 2.4 276 3 None 2.6 h
2.71 110 8 2.6 h
0.7 —— 2,18 1.26 2.6 h
2.5 75 31 1.26 2.62 h
N1”® (o, p) Co” 2.9 455 3 .81 72 d
3.09 550 1 .805 71.3 d
*2,04 —— 2 _— 71 d
4.1 —— 18,19 80 71.3 d
2.6 600 22 .810 72 d
A1%7 (n, pymg?’ 4.6 44 3 .83,1.01 9.5 m
5.46 80 1 .83,1.01 9.5 m
4.67 56 8 —— 9.4 m
1.8 56 2 e 9.5 m
4.6 —— 18,19 .83,1.01 9.5 m
Zn64(n,p)Cu64 4.7 486 3 1.34 12.8 h
¥-0.2 _ 2,19 1.34 12.8 h
4.0 — 11 e
3.3 250 93 1.51 12.5 h
Fe>% (n, p)Mg”® 8.1 85 3 0.84 2.58 h
6.42 50 1 0.845 2.58 h
6.33 '52.4 8 —_— 2.58 h
2.9 — 2 —_— 2.6 h
2.94 e 18,19 .84 2.6 h
6.7 80 22 845 2.6 h

% Theoretical effective threshold energy
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Effective Effective 04
Element and Threshold Cross Section Radiation Half
Nuclear Reaction (Mev) Reference (Mev) Life
A1%7 (n,a)Na?? 8.1 107 3 1.38 15 h
7.52 70 1 1.36 15 h
7.25 59 8 —_— 14.9 h
3.1 — 2 _— 15 h
8.1 —_— 18,19 1.38 15 h
7.2 100 36 e 15 h
Ag107(n,2n)AgIO6 9.6 I 18,19 None 24.3 m
cu®’ (n, 2n) cu®? 11.4 1000 30 .511 12.6 h
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*X -
Weight g?ii? Time to Counting
Material ¥Incapuslation (GM) Time Counting Time

Aluminum 1 Plastic cd .0647 30 m 161 m 10 m
Aluminum 2 Stringer Cover .0639 60 m 36,149 m 10 m
Copper 1 Plastic cd .1279 30 m 190 m 10 m
Copper 2 Stringer Cover .1362 30m 46 m, 5.1 h 10 m
Gold 1 Plastic cd .1078 30 m  25.57 h 10 m
Gold 2 Stringer Cover .1077 30 m 3301 h 10 m
Indium 1 Plastic cd .2415 30 m 11.8,75.6 h 10 m
Indium 2 Stringer Cover .2411 30 m 8.7,9.1 h 10 m
Iron 1 Plastic cd .1301 30m 219 m 10 m
Iron 2 Stringer Cover - .1300 30 m 139 m 10 m
Nickel 1 Plastic cd .1527 30 m 193 m, 72.3 h 10 m
Nickel 2 Stringer Cover .1500 60 m 81 m, 37.4 h - 10 m
Phosphorus 1 Water Tight Cd .5762 60 m 400 m, 12.9 h 10 m
Phosphorus 2 Container Cover: .8119 30 m 119 m 10 m
Silver 1 Plastic cd .1729 30 m 9.38 h 10 m
Silver 2 Stringer Cover .1713 30 m 3.05 h 10 m
Zinc 1 Plastic cd .9147 30 m 9138 h 10 m
Zinc 2 Stringer Cover .8793 30 m 3.56 h 10 m

% Core Position D-2, UMRR

%% 10 KW Power Level
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weights and times are shown in Table 3.2. An attempt was made to identify
the gamma photopeaks, particularly the desired reactions and the individual
curves of the products. A complete listing of each element reaction plus
the results of the irradiation runs and other parameters are displayed in
Appendix B.1l.
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