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INTRODUCTION

Statement of the Problem

Experimental measurement of the energy spectrum of fast neutrons
from monoenergetic and multienergetic neutron sources is a problem which
has confronted scientists since the discovery of the neutron in 1932 by
Chadwick., Several techniques have been devised for obtaining this infor-
mation; however, thé equipment requirements, time required in taking the
measurements, and in some cases the accuracy of the results justifies
continuing investigations of the problem,

Determination of the neutron spectrum at points of interest in an
operating nuclear reactor places even more siringent requirements on the
size of the detecting equipment, its ability to discriminate against gamma
rays and other reaction products, and its general response characteristics,
The research reported in this work was undertaken to investigate the
performance of a relatively simple neutron detection system operating in a
reactor environment. The proposed system could also be used for spectrum
measurements of monoenergetic sources., The potentially useful range of

the system to be discussed is from 0.15 to 2,15 Mev,

General Discussion of Detection System

The detection system discussed in this work consists of a L16F

"eonverter" foil ( 155}ng/cm2 of L16F deposited on a 0,020 inch alumirum
plate ), a silicon surface-barrier semiconductor detector, a charge-
sensitive preamplifier, a linear amplifier, and a 400 channel analyzer,
The system is shown schematically in Figure 1 and the corponents are

described in Appendix A,
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Figure 1. Schematic drawing of detection system

Neutrons of any energy, incident on the '"converter" foil, take part
in the Li® (n,T) Ho* reaction; but the combined energy of triton and alpha
particle depends on the incident neutron energy. Since momentum consider=-
ations permit only one of the two product particles from a given reaction
to reach the detector, it is necessary to selectively detect one particle
for study. Tritons produced in the reaction were chosen to be detected by
the semiconductor detector. The current pulses produced in the detector
are amplified and fed to the 400 channel analyzer where they are sorted
and stored in the appropriate channel with pulses of the same magnitude.
The counts stored in any given channel represent the total number of counts
produced by tritons of a given energy. The alpha particles produced by
the Li6 (n,T) He* reaction are prevented from reaching the detector by an
aluminum "ecatcher" or absorber foil placed between the LiéF foil and the

detector., Above a neutron energy of ~2,0 Mev, protons from the
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Alz?(n,p)Mg27 reaction in the aluminum converter plate and grid assembly
will provide an unwanted contribution,

The output of the 400 channel analyzer, after background effects are
eliminated, is then an energy spectrum of tritons resulting from the
Lis(n,T)H94 reaction. If the Q-value for this reaction, its cross sec-
tion as a function of neutron energy, and the detection system geometry
are kmown, the energy spectrum of the neutrons that produced the triten
spectrum can be calculated., The Q-value of a nuclear reaction is the mass
difference (in energy units) between the reactants and the products of the
reaction and is 4,78 Mev for the Lié(n,T)Heu reaction.

The energy of the triton produced in a reaction initiated by a
neutron of a2 given energy is dependent on the angle between its direction
of travel and that of the incident neutron. In this work, the physical

6F foil, and the

size of the neutron source (fission foll) and the Ii
distance separating them limits the angle at which the neutrons can be
incident on the L16F foll. A grid system is placed between the L16F foil
and the detector to act as a collimator for the scattered tritons. Thus,
the maxdirmm triton scattering angle is known, and the meximum and mininmum
triton energies resulting from a neutron of given energy can be calculated,
A surface-barrier semiconductor detector was chosen as the detecting
element for this work. Detectors of this type have a high energy reso-
lution for detection of charged particles yet have a low sensitivity for

interaction with neutrons and gamma rays.



History of Serdconductor Nuclear Particle Detectors

The first use of a semiconductor junction device for nuclear particle
detection was reported by McKey (20) in 1949, His work indicated that the
p-n junction in germenium could be used to detect alpha particles, that
the collection time for the charge was quite small, and that the energy
required to produce an electron-hole pair in germanium was no more than
3 electron volts. In 1950, Orman et al, (23) did similar work again
using germanium p-n barriers as counters, This early work was with de-
tectors of very small effective area and the energy resolution was poor,
In 1956, Mayer and Gossick (19) made a small area (6 mmz) germanium
surface-barrier diode which operated at room temperature with rather poor
energy resolution, i,e. about 174, They found the pulse height from this
type detector to be proportional to the alpha energy. As early as 1958,
semiconductor nuclear particle detectors utilizing the germanium junction
at reduced temperatures were being used extensively in nuclear research,

The use of the p-n junction in silicon for detection of nuclear
particles was reported in 1959 by McKenzie and Bromley (21) and Mayer (18).
These devices, while having the same general operational characteristics
as the germanium detectors, had the advantage of more satisfactory

operation at room temperature,

Use of semiconductor detector in neutron smectroscopy

The use of semiconductor detectors as the detecting element in neutron

spectrometers was first reported in 1961 by Love and Murrey (17). The
6

system used involved a 1501}1gm/cm2 layer of Li°F sandwiched between two
surface-barrier detectors, The electronics system was designed to sum the

energy of the alpha particle and triton emitted simltaneously from the
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Lis(n.T)Heu reaction. The output signal was then the sum of the neutron
energy (E,) and the Q-value for the reaction. The reported resolution was
300 Kev full width at half maxirmmm (FWEM) for their detection system,

This design of detector was modified by Dearnaley et 2l. (5) to make
use of the HeB(n,p)H3 reactions. This system utilized two surface-barrier
detectors mounted parallel to each other and enclosed in 2 small steel
case which could be filled with Hed gas at pressures up to 3 atmospheres,
A coincidence type electronics system was utilized which summec the proton
and triton energy. The coincidence requirement eliminated any counts due
to the Heo recoil, The reported efficiency for this system was ebout 10-5
for 2 Mev neutrons and the energy resolution was 150 Kev FWHM,

Potenza and Rubbino have reported development of neutron spectrometers
for use with isotropic neutron sources (24) and neutrons from nuclear
reactions and in collimated beams (25). All of these systems use the
elastic scattering of protons as the converting reaction and utilize a
single silicon surface-barrier detector as the detecting element. These
systems were used to measure neutron energies above 2 Mev, The best reso-
Iution attained by any of the three systems (at 2 Mev neutron energy) was
ebout 23% for the system designed for use with isotropic sources, That is,
the proton spectrum produced by a monoenergetic source of 2 lMev neutrons
would have a FWII! of about 0,46 Mev, In all systems, the resolution de-
creased with reduction in neutron energy below 2 Mev,

A system for reactor flux measurements has been reported by Furr and
Runyon (12). This system also uses the elastic scatiering of protons as
the converting reaction and a single silicon surface-barrier detector as

the detecting element. This system had a reported resolution of 50% for



neutrons of 0.75 Mev energy and about 1035 for neutrons of 2 Mev energy.
The resolution below 0,75 Mev dropped rapidly as the neutron energy

deecreased,

Other Techniques for Neutron Spectrum Measurements

In addition to the nuclear-reaction method and the recoil-nucleus
method as discussed previously incorporating semiconductor detectors,
other techniques exist for making neutron spectrum measurements, The
most common methods are emlsions, scintillation detectors, and time-of-
flight.

As discussed in Price (26, p. 352), emulsions utilizing proton recoil
are suitable for neutron spectrum measurements in the energy range from
about 0.5 to 15 Mev., The lower limit is specified by the short range of
the proton tracks while the upper limit is specified by the ermlsion
thickness. The lower limit can be reduced by loading the ermlsion with a
material having a positive Q-value for neutron reactioen, Li6 is an
exanmple.

The principle disadvantage of the emulsion method is the length of
time required to analyze the data,

Seintillation detectors used in this application utilize the con-
verting material as a constituent of the scintillator, L16 is the most
widely used converting material. Firk et al., (9) have reported the use
of a system of this type. The peak produced by thermal neutrons had a
resolution of 254, The resolution for peaks produced by monoenergetic
neutrons of higher energy is generally poorer than that for thermal

neutrons as can be seen from experimental results published by Murray (22).



This behavior is opposite to that of the surface-barrier detector system,

The use of scintillation detectors for neutron spectroscopy is
further limited by their high gamma-ray sensitivity. The principle advan-
tage of this method is the high efficiency attaineble.

The time-of-flight technique offers the capebility of very good
energy resolution but requires a pulsed source of fast neutrons, Firk
et al, (10) have reported use of a system which had a totzal resolution of
40 Xev for neutrons of 2 Mev energy. This system was used to measure
neutron energies from 0.5 to 15 Mev,

This technique can, in general, be used to measure neutron energies

from thermal to several Mev,



OPERATIONAL ASPECTS OF SILICON SURFACE-BARRIER DETECTORS

The general features of a silicon surface-barrier detector are shown

in Figure 2.
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Figure 2, Representation of silicon surface-barrier detector

The bulk material is n-type silicon. On one surface of the bulk
material a high density of p-type states is induced with a resulting
formation of a p-n junction., On either side of this junction a space
charge region or depletion region of high resistivity is set up by dif-
fusion of the electrons from the n-type region into the p-type region and
holes from the p-type region into the n-type region. The detection of
charged particles takes place in this depletion region,

A charged particle entering the sensitive region of the detector must
pass through the thin gold electrode deposited on the surface of the
detector., The thickness of this slectrode in terms of energy lost by the
incident particle is called the window thickness of the detector. The
electrode on the back side of the detector is of the nonrectifying type and

is bonded to the crystal by a conducting silver paste,



Construction Techniques

Techniques for preparation of surface-barrier detectors are described
by several authors including Blankenship and Borkowski (2). Although the
various methods differ slightly, they all involve the following essential
steps. Zone refined crystals of silicon are cut to the desired size and
are smoothed by polishing with submicron-size aluminum cxide or diamond
powder. The surface is cleaned by chemically etching with a solvent such
as CP4, The p-type surface layer is then allowed to form spontaneously on
the n-type silicon by oxidation of the chemically etched surface. This
process takes place at room temperature in 12-36 hours and should be con-
ducted in a clean, dust free atmosphere. Maintaining a dust free atmos-
phere helps to keep foreign materials which may be sources of impurities
away from the p-type surface., Following formation of the p-n junction,
the edges of the silicon wafer are covered with some type of insulating
material (ORTEC uses a ceramic) to prevent breakdown of the junction at the
edges of the wafer upon epplication of an electric field. Electrical
contact is made to the p-type surface layer by evaporation of gold in a
vacuum usually to 20-50 ;Agm/cmz in weight. The thickness of gold is not
eritical and is usually determined by the intended use of the detector, i.e.
it would be advantageous to have a thin film of gold for very highly
ionized particles such as fission products. Electrical contact is made to
the back of the crystal by bonding the erystal to a thin metal plate by use
of conducting silver paste, Electrical contact to the front surface-barrier
layer is made through a fine gold wire or strip bonded to the gold film by

the silver paste.
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Formation of Surface-Barrier p-n Junction

The formation of the depletion or space-charge region results from
diffusion of the majority carriers when the n-type and p-type materials
are brought together., The electrons from the n-type material diffuse
toward the ;-type material, Diffusion occurs because of the tendency of
the carriers to spread to regions of lower density. This diffusion brilds
up a space-charge region formed on one side by filled electron ~ccepit-x
sites not accompanied by the required number of holes for zero net charge
locally, end on the other side by positively charged emptly doner sites not
accompanied by equal numbers of electrons in the conduction band required
to produce zero net charge., This is illustrated in Figure 3 which repre-
sents the band structure as a function of position through a surface-
barrier detector. As seen in Figure 3a, a potential difference referred
to as the barrier-height potential builds up with the formation of the
space-charge, The equilibrium value of this barrier height (V,) is
related to the relative density of holes on the two sides of the junction

by the expression

Vo= T (__PB) (1)

where KT is the thermal energy, e is the electronic charge, and pp and Pn
are the hole concentrations in p-type and n-type materials respectively.
Typical values of V, are of the order of 0.5 volts. Application of an
external bias positive on the n side and negative on the p side extends the

space-charge region as shown in Figure 3b,



| | i

p-region = Xg== neregion
Ionized doner — ‘
states

B ®<D Conduction Band

-~ = ~ -

5> S 2l S,
Ionized acceptor —8CCEGC O e 00 ¢

states F o b
+ o+ o

Valence Band

Conduction Band

n-region Valence Band
(b)

Figure 3. Band structure as a function of position through a surface-
barrier detector. (a) no applied bias (b) with reverse bias

The characteristics of the space-charge region can be derived follow=
ing the appraximations of Dearnaley and Northrop (6, p. 127). Figure 4
shows the p-n system characteristic of surface-barrier devices and defines

the nomenclature for derivation of the space=-charge relationships.



gigunction

Figure 4, Definition of nomenclature for derivation of space-charge
relationships

The assumptions made by Dearnaley are the following:
a, All acceptors in the p-type region are ionized up to Xq, and
all donors in the n-type region are ionized up to X

b, Beyond x, and X, the electric field is assumed to be zero,
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¢. The presence of acceptors in the n-type region and of donors
in the p-type reglon is neglected.

By Poisson's relation, in the n-type region

& v LT o e 2)
7= -

d x }{o

and in the p-type region

2

a Vv LFTTPDG (3)
-_2 =

dx P(o

where P(o is the dielectric constant of silicon and n is the electron
concentration in n-type region. Considering the n-type region, successive

integrations using the above boundary conditions yields

av _ LTT e ny EX = xo) ()
dx Ko
and
Ve et By (:vcz-z‘x:'cc,)+'~"j (5)

When x = X V (x) = Vj = Vh and the above equation becomes



pLC

2
x, = _'n %o (6)

ann e

Similarly the extension into the p region is found to be

2 Vv, K X
Xy = P = (7)

2
T‘rppe

On the basis of the model used, the excess charge in the n-type
material is equal and opposite to that in the p-type region since the
field is confined to the space-charge region in this approximation,

Therefore,

- (8
Ny X, = P, % (8)

and the depletion region is seen to penetrate the two regions in the
inverse ratio of their ionized impurity states., For surface-barrier
detectors pj, / n, >>1 and as a result the depletion region exists
almost completely in the n-type region. The square of the depletion
region width is then approximately

* = { Vo Ty ) Ko (9)

ZTTnne

where V, is given by Equation 1 and V a 1S the externally applied

voltage, If all the donors in the space-charge region are ionized, the



15

resistivity of the material is

where L, is the electron mobility in the n-type region. Substitution

of Equation 10 into Equation 9 yields for the depletion region width

x = [ KoMn P(V0+Va1? (1)
27Tr

Thus it is seen, the depletion region width for a given resistivity

detector is a direct function of the applied voltage.

Electron-Hole Production in Semiconductors

When a charged particle passes through a solid medium, it loses its
energy through interactions with the electrons in the medium, If the
medium is a semiconductor material, this interaction results in the forma-
tion of electron-hole pairs, i.,e., an electron, originally in the valence
band or possible some lower lying occupied electronic band, is execited to
the conduction band or some higher unoccupied band leaving at the point of
interaction a net positive charge or hole. For silicon, the average value
of energy required to produce an electron-hole pair, (designated as ¢ ),
has been found by Mayer (18), to be 3.50 ev, As far as is known, ¢ is
independent of both the mass and energy of the charged particle.

If the charged particle has mass Mb and energy Ep. the maxirmum energy
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(Emax) that can be transferred to an electron of mass my is given by

By = b ome M E (12)
)2

( my + Mﬁ

It M? >>m,, and since even for a proton M = 1836 mg, the maximmum energy

transfer becomes approximately

B = b mg By (13)
",

which will be about 2,9 Xev for a 4 Mev triton. Since the width of the
energy gap in silicon is 1,106 electron volts, it is seen that these
energy loss processes can lift electrons from the valence band or lower
lying occupied energy bands to the conduction band or higher lying un-
occeupled bands, and holes are found in bands which are normally filled
with electrons, During the transition from the excited states, many more
electron-hole pairs are produced with the average energy required for
production of each pair being the ¢ discussed previously. The total num-
ber of electron-hole pairs produced by a given charged particle is thus
directly proportional to the energy of the particle. If an electric field
is being applied to the semiconducting material during this time, the
electron in the conduction band will move under the influence of the field,
and likewise, the hole will be passed from atom to atom. This transfer of
charge within the medium can be used as an indication of the amount of
energy deposited within the medium if the average energy required to pro-

duce an electron-hole pair is knowm,
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Charge Collection
To illustrate how the electrons and holes are collected within the
detector and the resulting pulse is formed, consider the counting eircuit

shown in Figure 5,

Detector —0

Depletion \ 1 \\
Region 1 . | J
d l | |
Y ‘ ‘

R To

—__ ¢ Preamplifier,

i__ ‘ [ | ete.
va e i } f
I+ | | "

Figure 5. Schematic drawing of detector circuit

The signal in the circuit external to the detector builds up as the
electrons and holes are swept out of tﬁe depletion region by the electric
field present. Each electron contributes a current ev / d when moving with
a velocity v in the counter and produces an identical current in the
external eircuit., The signal is made up of current pulses from both
electrons and holes, and any electron causes a charge to flow in the exter-
nal eircuit [ev ;. integrated over the total path of the carrier. If the
carrier traverias the counter completely, the limits of integration are
zero and d / v, and the integral reduces to e, If the carrier drift length

A 1is less than the specimen dimension, the charge flowing in the external

circuit is reduced proportionately to eA/ d. The transit time for each of
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the carriers is given by

Te= —— (1)
ME
where i is the mobility of the carrier being considered and =2
d

i.e. the electric field strength in the depletion region.

In a detector in which there is no trapping or recombination, a
particle which generates a total of N ion pairs at a distance x from the
negative electrode will give a total charge of Ne flowing through the

external circuit. Of this, the holes will contribute a charge q = Nex

d
in a time T, = s and the electrons will contribute a charge
Mpé
q, =Ne _{9%) ina tine - = &%
d M B

Window Thickness

As can be seen from Figure 2 (p.8), a particle must pass through an
insensitive region or window before it reaches the depletion region of a
surface~barrier detector., Particles lose energy in passing through this
window, and an account rmst be made of this, For surface-barrier detectors,
Dearnaley and Whitehead (7) have found that the window thickness is
essentlally the thickness of gold film required to provide electrical
contact with the p-type material, The thickness of this gold film is 20
to 50 /¢4gm/cm2 by weight., This small window thickness for surface-
barrier detectors is one of their principle advantages over other kinds of

semiconductor detectors such as the diffused junction and ion-drifted
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types.

This is especially true when the detector is being used for energy
measurements of highly ionized particles. The detector used in this work
is specified by the manmufacturer to have a dead layer of thiclkness not
exceeding.uqugm/cm?. This corresponds to an energy loss of 20 Kev for a

5.5 Mev alpha particle.

Sensitivity to Gamma Rays
Interaction of gamma rays with silicon and the surrounding material
results in the production of Compton electrons, photoelectrons, and

electron-positron pairs, The cross section for these processes is pro-

} , 27 E, )'3'5, and

o

portional to _2_ In 2B,
Ey .51 lMev

2.2 ( E, =1.02 Mev ) respectively, where E, is gamma ray energy in Mev
and Z is the atomic number of the material in which the processes are
taldng place., Because of the low atomic mumber of silicon, the photo-
electric process and pair-production are unfavored. In the case of a
shallow barrier such as a surface-barrier, the sensitive volume is so thin
that electrons lose negligible energy before escaping from it and thus
gamma rays produce only small pulses with low efficiency. The size of the

pulses produced by garma interaction makes it easy to discriminate against
them,
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Sensitivity to Neutrons
Neutrons can produce pulses in surface-barrier detectors by
undergoing charged-particle reactions with the silicon itself., The knowm
reactions, their Q-values, percentage sbundance of the various lsotopes of
silicon, and the reaction cross section at various neutron energies are
shown in Teble 1. This data is from Dearnaley (4).
Of the known reactions, the 5128 (n,p) A128 reaction is the most

significant due to the high abundance of Si28

and the relatively large
cross section for the reaction, Its effect in producing baclkground counts
rmust be considered when doing counting in the presence of high energy
neutrons. The probebility of neutron reactions in the gold window,
resulting in the release of charged particles, is extremely small due to

the large "coulomb" barrier of the gold nucleus,

Table 1. Neutron reactions in silicon

Reaction Percent Abundance Reaction Neutron Reaction
of Silicon Isotope Q-Value Energy Cross Section
(%) (Mev) (Mev) (barns)
5128 (n,p)n128 92 -3.86 5 0.02
8 0.40
14 0.22
512 (n, e 92 2,66
51%9(n,p)A1%? 1,70 -3.20 W 0.10
51°2%(n < )7 3.10 £.19 1% 0.05

5129 (n,oC)Ivfgzs L,70 -0,0215
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Energy Resolution
The resolution of a detection system is a measure of the extent to
which monoenergetic particles produce pulse heights or chargeé pulses of a
single value, The degree of uniformity of pulse heights is usually
described by the quantity W%, the full width at half maximum (FWHM). The

quantity W%.is calculated as

Wy o= Aht  x 1004 (15)

hmax

where h, ., is the pulse height corresponding to the maxirmum in the curve
and [&h% is the pulse height interval between the points at which one half
of the maxirmm occurs.

The several factors which affect the energy resolution of semiconduce
tor detectors have been grouped into three categories by Price (26, p.249).
These are the statistics of electron-hole formation, the detector and
amplifier noise, and miscellaneous other effects to be discussed later,

The contributlion of the statistics of electron-hole formation to the

spread in pulse height, expressed in terms of energy, is given by

W, o= 2.36 ng (16)

where g 3 is the standard deviation in the amount of energy dissipated in
P

the detector by a particle of known energy (Ep). This can also be written

as
i

: 3
Wy =2.36(N) € =2,36(E¢) (17)
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where ¢ is the energy required on the average to produce an electron-
hole pair and N is the nurber of ion pairs formed, i.e., Ej /e on the
average for each particle of energy Ep.

In this work, the detector and amplifier noise and the miscellaneous
effects are determined experimentally as one contribution to the detection

system energy resolution. This is discussed later,

Radiation Damage

Significant deterioration of the properties of semiconductor detec-
tors is produced by extensive irradiation, Interaction of the nuclear
radiation with the nuclei of the semiconductor causes atoms to be displaced
from their equilibrium positions leaving vacancies and interstitial atoms
in the lattice. These imperfections act as trapping centers for the
charge carriers, i.e., an electron originally in the conduction band can
fall into a trapping center located between the valence and conduction
bands of silicon., The electron will remain at the trapping site for a
finite time and then go back into the conduction band., A similar process
takes place for holes. These trapping centers cause an increase in the
charge-carrier generation and a reduction in the charge-carrier lifetime,
The resulting changes in detector properties include increased pulse rise
time, lower charge collection efficiency, and decreased resolution due to
increased leakage current.

The effect of fast (fission) neutrons on surface-barrier detectors
has been reported by Klingensmith (16). In his work, seven silicon
surface-barrier detectors were exposed to a U235 fission neutron spectrum,

and the damage effects were observed by measuring changes in the detector
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response to Pu?39 alpha particles, After an exposure of ~3 x 10

neutrons/cm? the low energy side of the alpha peak showed a secondary
peak, With inereasing dose, the original peak broadened but maintained

a constant pulse height while the secondary peak decreased in pulse
height and became very broad, The total counting rate remained constant
with the counts being shared between the two peaks, After 2 x 1012
neutrons/cm?, the original single peak response was no longer evident.
Over the range of dose from 10:L2 to lO13 neutrons/ cmz, the reverse current®
of the detectors, i.e, the current flowing across the depletion-region in
the absence of ionizing radiation, increased by an order of magnitude,

The resistivities characteristic of the detectors involved in this work
were high (3000 ohm - cm, n-type) and the bias voltages were low (6 volts)
so that the collecting field was low and the effects of the trapping
centers may be expected to be particularly noticeable,

Dearnaley (4) exposed several detectors of around 1000 ohm - em
silicon to a high flux of 5.5 Mev alphas and studied the effects of the
resulting damage., After 108 alphas/cm? a slight decrease in reverse
current was observed at a detector bias of 2 volts, The detector resolu-
tion began to deteriorate after 2 x 109 alphas/cm? and multiple peaking
was evident, After lOll alphas/cm? the resolution in the different detecw
tors had deteriorated from 1,57 (undamaged) to between 6% and 15% at 2 volts
bias., At a bias of 20 volts, the resolution increased to only 3-4% and

mltiple peaking was never apparent,
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DETECTION SYSTEM ANALYSIS

The detection of any nuclear particle requires that the particle
undergo some type of interaction with the detection element., For charged
particles being detected by semiconductor detectors, this process involves
the production of electron-hole pairs as the particle loses its energy in
passing through the semiconductor material., The mechanism primarily
responsible for the energy loss by the particle is the interaction of the
coulomb fields of the particle with those of the bound electrons of the
absorber. Since neutrons have no charge there will be no coulorb forces
with orbital electrons. As a result, the detection and determination of
the energy of neutrons requires a secondary reaction in which the neutron
interacts with a given nuclide and produces a charged particle whose
energy 1s dependent on the neutron energy. In this work, the lié(n.T)Heu
reaction was used, The relevant Q-value is 4,78 Mev,

The Li6(n.T)Heh reaction takes place in a "converter foil" of LiGF.
This foll is lSSiﬂlgm/cmz thick of 300 mmz surface area and is deposited
on an aluminum disk 0,020 inches thick. The cross section for this reac-
tion as a function of neutron energy is shown in Figure 6,

The particles produced in the Lié(n.T)He4 reaction are collimated by
a grid asserbly of aluminum such that only those particles which are
scattered within certain angular limitations will reach the detector. At
the center of the grid is an aluminum foll (4.83 mg/cm?) which acts as a
filter for these particles, i.e., it passes the tritons after reducing
thelr energy by a known amount but effectively absorbs all alpha particles,

While the foil does not completely stop high energy alpha particles, it
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reduces their energy to the point that they are not in the energy range

of interest.

Detection System Geometry

The fission plate, "converter" foil, grid with alpha particle
"ecatcher", and the detector are positioned as shown in Figure 7. The
fission plate is 1 inch in diameter, 0,020 inches thick and is located 2
inches from the Li6F "converter" foil, The "converter" foil is separated
from the detector surface by 0,135 inches of which 0,123 inches is
occupied by the grid, The grid is constructed of two disks of 0.060
inch aluminum through which have been drilled 51 matching holes of 0,082
inch diameter. The aluminum "catcher" foil is placed between the two
halves of the grid., The web of the grid reduces the useful area of the
detector from 300 mm? to 174 mm?.

The system geometry is in part dictated by the dynamics of the
Lié(n,T)Hbu reaction, i,e., it is necessary to limit the angle at which
tritons can be scattered (with respect to the direction of neutron travel)
and still be detected in order that the system resolution chosen can be
limited to acceptable values, It will be showm that the energy of the
scattered triton is dependent on the scattering angle in the center-of-
mass system which in turn depends on the scattering angle in the labora-
tory system, From Figures 7 and 8 it is seen that the maxirmm angle at
which a triton can be scattered in the laboratory system and still be

detected by this system is 55 degrees,
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Dynamics of the Lis(n,T)Hea Reaction
The dynamies of the Lié(n,T)Heu reaction are governed by the laws of
conservation of energy and momentum. The following treatment is similar
to that of Keepin and Roberts (15). Interaction of the neutron with the

148

atom produces a Li7 compound nucleus which disintegrates to form an
alpha-particle and a triton of energies E_. and E; respectively. The
particle energles are considered to be entirely kinetic since there are
no excited states of tritium in the energy range of interest.

The reaction as it would appear in the center-of-mass coordinate
system and in the laboratory coordinate system is shown in Figures 9a and
9b respectively. A comparison of Figure 9b with Figures 7 and 8 reveals

that ¢ has a maximum valune of 55°.

AR,
]
P : \ /
P P,
' ]
AP P
;Pn PLié X n__ n
¢ J
]
P
T
(a) Center of mass system (b) Lab system

Figure 9. Dynamics of the Lis(n,T)Heu reaction
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The energy available for distribution between disintegration products
in the center-of-mass system is

= _ ™
Eﬁp En +Q [___________ E%

m 4+ M
n

where m ie the neutron mass and M the mass of the Li6 nucleus, The

remaining energy, of magnitude

m
- | E
M+mnm
n
goes into the kinetic energy of the center-of-mass. The alpha-particle

and the triton divide the energy Edp in their inverse mass ratio and

their respective momenta are given by

p =p =[2m‘*""l‘ ( % o +Q)]% (18)

“ T m. + I m, + M

Motion of the center-of-mass in the laboratory system adds, in effect,
the components AP, » OPp , and éth whose magnitudes are given by the
particle mass times the veloecity of the center-of-mass,

The relationship between the triton scattering angle in the center-

of-mass system and in the laboratory system is seen from Figure 9b to be

1

tan ¢ = —— L =17 o (19)

Pn cos ¢°+ A Pp

Again from the geometry as seen in Figure 9b, we have the vector relation

= P? & APy (20)

T T
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The triton energy is then given by (21)
1 1\ 2 2 v 7
i P
Ep = '2;_ [(PT ) + (APT) + 2 PyAP, cos (boj

From Equation 21 it is seen that for a neutron of a given energy, the
triton can have a range of values of energy depending on the angle between
the direction of the incident neutron and the direction in which the
triton is scatfered from the point of the Li7 nucleus disintegration in
the center-of-mass system, If the neutron energy is to be found from
experimental measurements of triton energles, it is necessary to limit the
triton scattering angle in order that the neutron energy can be deter-
mined within known limits., In this system, the triton scattering angle is
limited by the geometry of the experiment to be less than d) = 550 in the
leb system ( or less than (h)in the center-of-mass system ). Since the
range of triton energies is dependent on-¢>o, this angle rmst be calcu-
lated., Equation 19 is used for this purpose. When ¢)o is known for each
incident neutron energy, it is possible to calculate the range of
permitted triton energies due to the system geometry and the dynamies of
the Lis(n,T)Heu reaction. The results of these caleculations are shown in
Table 2., As seen in Table 2, a 0,15 Mev neutron can produce a detectable
triton whose energy will be in the range from 3,00 to 3.1l Mev corres-
ponding to values of (bo of 5?.90 and OO respectively. Since the neutron
can be incident to the LiéF foil at any angle between O and 22 degrees
and the triton can be scattered at any angle between 0 and 33.0 degrees
in the laboratory system, it is assumed the most probable triton energy

will be the mean of the maxirmm and minirmm allowed values of 3.055 Mev
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Table 2, Range of triton energies permitted by system geometry and Ii (n,T)He reaction dynamics

Neutron ) bo . (rp) % (AP ?  2pAPp  2PiPLcosg (B .
E’Eﬁélg?)' SR, Nhdern) x 1077 x 10"t x 10%30 x 1070 (Mev) (Mev)
0,150 55 57.90 4,520 1,467 5.145 2.730 3.000 3,110
0,200 55 58.10 4,540 1.965 5.975 3.160 3.041  3.194
0.258 55 58.25 4,590 2,522 6.800 3.580 3,100 3,270
0,270 55 58.30 4,600 2.635 6.960 3.650 3.110 3,290
0.300 55 58.50 4,625 2,940 7.360 3.840 3.1%0  3.355
0.350 55 58.80 4,660 3.405 7.980 4,140 3.182  3.3%6
0,400 55 59.25 4.700 3.920 8.590 %.395 3.230  3.460
0. 565 55 60,00 4,820 5.530 10,320 5.160 3.362  3.650
0,600 55 60,25 4,860 5.870 10,600 5,300 3.400 3.700
1.100 55 61,60 5.240 10.810 15.070 7.160 3.784% 4,240
1.500 55 62,50 5.560 14,720 18,100 8.350 4,080 4,660
2,000 55 63.50 5.960 19.600 21,600 9.640 Iy, 4o 5.150

2.150 55 63.90 6.080 21,150 22,670 9.990 4,560 5.300

T¢
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for a 0,15 Mev neutron.
It is noted, the selection of 55 degrees as the maxirmm permissible
triton scattering angle is the result of a compromise between the energy

resolution and the efficiency of this detection system.

Triton Energy Losses

A triton produced in the "converter" foil loses energy in that foil,
in air, in the aluminmum "catcher" foil, and in the gold layer on the
detector surface prior to reaching the sensitive volume of the detector,
After leaving the converter foil, the triton must travel through 0,185
mg/cm2 of air, 4.83 mg/cm? of alumirmm, 0,23 mg/cm? of air, and then pass
through the gold layer on the detector surface.

Triton energy losses in the "converter" foll and in the detector
"rindow" are small (i.e. ~3.5%) compared to the energy losses in the
air and the aluminum and are not accounted for in this analysis.

Triton energy losses in air and alurdnum were determined using
curves of dE/dx vs triton energy for the respective media, These curves
are shown in Figures 10 and 11, Figure 10 was drawn from data presented by
Aron et al, (1), Figure 11 was drawn from data presented by Wolke et al,
(28) and Kahn (1%).

For energy losses in air, the value of dE/dx was assumed constant
during the energy loss process and thus the reduction in triton energy
was calculated as the product of dE/dx in Kev/mg/cm2 (at the appropriate
value of triton energy) and the density thickness of the air in mg/cmz.
The error due to this assumption being ~~0,9 Kev for tritons produced

by thermal neutron interaction,
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Triton energy losses in aluminum were calculated assuming the rate
of energy loss to be linear during the energy loss process, i.e., the value

of dE/dx was assumed to be of the form

+ 2 s (22)
dax
where dIn is the average rate of energy loss by the triton in the

—_——

1 1
aluminua - “catcher® foil, E. is the appropriate triton energy, m is the

L
slope of the appropriate part of the curve shown in Figure 11, and b is
the intercept of the straight line (of slope m) with the ordinate at O
{riton energy.

This assumption was necessitated by the fact that the conventional
energy loss equations are not valid in this low range of triton energies,
and it was necessary to use aexperimentally determined energy loss data,

The values of m, E; and b were determined for each wvalue of neutron
energy as follows:

1. The triton energy just prior to its entering the "catcher" foil
was taken to be the mean of its maxirmum and minimum values
calculated considering system geometry effects minus its energy
loss in passing through 0.060 inches of air.

2, Using this value of triton energy and the value of dE/dx
corresponding to it, an initial calculation of triton energy loss
was made assuming the triton to be normally incident to the
“eatcher" foil,

3. m was then determined by drawing a straight line through the

points on Figure 1l corresponding to the triton energy just prior
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to entering and just after leaving the "catcher! foil.
4, b was found by extrapolating this line teo zero triton energy.
5. E; was taken to be the mean energy of the triton during its
passage through the "catcher foil.
The results of energy loss calculations in the air and in the

"eatcher" foil are shown in Table 3.

Detection System Efficiency

Calculations of the efficlency of this detection system for detec-
tion of neutrons of chosen energy are based on data presented by Goldberg
et al. (13). This volume presents differential scattering cross section
data as a function of triton scattering angle in the center-of-mass
system at various neutron energies, Figure 12 shows a sample plot of
this data for neutron energy of 0,30 Mev. Similar curves are given by
Goldberg et al, (13) for neutron energies of 0.15, 0.20, 0.258, 0.27,
0.35, 0.40, 0.565, 0.60, 1.10, 1.5, 2.0, and 2.15 Mev, The data pre-
sented for each value of neutron energy is normalized to correspond to
the cross section vs neutron energy curve shown in Figure 6. Thus, the
cross section for triton scattering into a solid angle of & 17 ste=
radians for a given neutron energy is just the value of cross section
found in Figure 6 for that same neutron energy. By grophical integration
of curves such as Figure 12, it is possible, knowing the triton scattering
angle, to caleulate the effective cross section for triton scattering into

any given angle,



Table 3. Triton energy loss calculations

Neutron Triton dE (air) Energy Energy loss , dE (air) Energy loss Triton

Energy (Mev) Energy (Mev) dx o Loss in 5 in 4.83 mg/cm 2 in 0.%3 Ener

(Eev/mg/em™) 0.186 mg/em  of Aluminum (Kev/mgfem ) mgfen® of  (Mev

of air (lMev) (Hev) air (Mev)
Thermals 2,730 246 0. 0460 1.020 332 0.0764 1.588
0.150 3.055 231 0. 0430 0.955 300 0. 0690 1,988
0.200 3.112 228 0. 0424 0.940 296 © 0,0680 2,062
0.258 3.180 225 0,0418 0.913 282 0.0650 2,160
0.270 3.200 224 0.0416 0.910 280 0. 0845 2.184
0.300 3.232 222 0.0413 0.906 278 0. 0640 2.221
0.350 3.289 221 0.0411 0.892 270 0. 0620 2,289
0.400 3.345 219 0, 0407 0.879 266 0.0610 2.369
0.565 3.506 212 0.0394 0.846 252 0. 0580 2.562
0.600 3.550 210 0.0390 0.840 251 0.0576 2,609
1,100 4,012 193 0.0359 0.770 228 0,0525 3.142
1,500 4,370 180 0.0335 0.723 210 0, 0433 3.565
2,000 4,795 170 0.0316 0.684 193 0. Ol 4,035
2.150 4,930 169 0,0314 6.680 188 0.0433 h,167
Thermals 2,730 2l6 0.1020 * thickness of air = 0,416 mg/cm2

No Al
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Figure 12, Digferenti scattering cross section for tritons from the
I1i®°(n,T)He™ reaction. Neutron energy is 0.30 Mev.

For this system, the triton scattering angle in the laboratory
system was taken to be 18.4 degrees, This represents the case where the
neutron reaction in the LiéF foil takes place on the axis of one of the
grid holes and the resulting triton is scattered at an angle of 18.4
degrees from this axis. This is the largest angle at which the triton can
be scatiered from the selected point and still be detected by the detec-
tor ( see Figure 8 ). The corresponding angle in the center-of-mass
systen can be calculated using Ejuation 19. It is seen that this angle
( in the center-of-mass system ) is dependent on the energy of the

incident neutron.,
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If the cross section for triton scattering into the allowed
scattering angle is known, the fraction £(E) of incident neutrans of a
given energy which produce tritons that are detected can be calculated

from the following equation,
f(E) = Nax o () (23)

where N is the number of Li6 atoms/cm? in the LiéF foil, dx is the
linear thickness of the LisF foil, and o( @o) is the effective cross
section determined above, For the LiéF foil used in this work, N and
dx were calculated to be 6,26 x 1022 atoms/cm? and 5.96 x lO-scm
respectively.

Table 4 lists values of (50, o ¢o), and £(E) as calculated for the
neutron energies of interest in this work.

It should be noted that the efficiencies calculated as discussed
above are only relative efficiencies., Neutrons incident on the LisF foil
at angles other than 90° will travel a greater distance in the foil and
thus have a greater probability of interacting with Li6 and yielding a
doetectable triton. Since the fission neutrons are emitted from the
fission plate isotropically, the relative number of neutrons incident on
the LiSF foil at any given angle will be the same for all neutron energies.

Since relative efficiencies provide the desired information,

absolute detection system efficiencies have not been calculated.
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Table 4, Relative detection system efficiency

e (ae(i?ees) (fﬁﬁﬁim) f:scEI)LO'})
0.15 19.90 055,8 2,080
0.20 20,00 124,0 4,620
0.258 20,20 184.0 6.850
0.270 20,25 170,0 6.350
0.300 20,35 132.0 4,910
0.350 20,50 083.8 3.130
0.400 20.70 084.6 3.160
0.565 20,95 027.2 1.015
0.600 21,00 028.8 1,072
1.100 21,50 029.0 1,084
1.500 21,90 025.2 0.940
2,000 22,25 014.9 0.555
2.150 22,40 012,1 0.491

Energy Resolution
The energy resolution of this detection system is dependent on five
separate factors. These are:
a. Electronic noise in the detector, preamplifier, amplifier, and
analyzer system.
b, Variations in triton energy losses in the IisF foil.

c. Variations in triton energy losses in air and in the aluminum



"eatcher" foil.

d., The background contribution from such other sources as gamma

rays.

e. Variations in triton energies permitted by the geometry of the

detection system.
The effect of the first four factors on the total resolution of

the system can be determined experimentally while the effect of the system

geomotry must be accounted for analytically.

Calibration of the detection system

Prior to the experimental determination of the effect of the above
listed factors on the total resolution of the system, the energy cali=-
bration of the detection system was performed, That is, the channel in
which the pulse produced by a given energy particle will be stored, was
determined. The energy widih of each channel was also found,

The detection system used in this work was calibrated using a

&t | B_= 5477 Mev) and a

source of monoenergetic alpha-particles, (
voltage pulse generator. A schematic drawing of the circuit used is shown
in Figure 13.

The output of the pulse generator was fed through a one picofarad
capacitor (inside the preamplifier housing) to the preamplifier. The
gensrator pulses are passed through the preamplifier and linear amplifier
at the same time as pulses from the detector. Calibration consists of
detecting alpha particles of lmown energy with the detector and siml-
taneously adjusting the amplitude of the pulses from the pulse generator

until the respective spectrum peaks fall in the same channel of the
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Figure 13, Schematic of circuit used to calibrate the detection system

analyzer, Controls on the pulse generator permit the pulser output to

be normalized to the alpha particle energy, i.e., the pulser settings

can be adjusted so that the alpha particle energy is set directly on the

cial of the pulse generator. Thus, any other particle energy can be

rsad from the dial settings when the pulse generator output is adjusted

to Tall in the same channel as the pulse from the particle, This absolute

calibration makes detailed inowledge of circuit gain, ete. unnecessary,
The width of each channel was determined by observing the output

of the pulse generator at two different settings (each setting corres-

ponding to a given energy particle). The equivalent energy difference
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between the two pulser settings divided by the mumber of channels between
the resulting peaks yielded the channel width. As adjusted for these ex-

periments, the mltichannel analyzer chamnel width was found to be 8.9 Kev.

Effect of electronic noise on total system resolution

The contribution to the total resolution of the system due to elec-
tronic noise was determined by observing the full width at half maxirmum of
a peak produced by the pulse generator. The circuit shown in Figure 13 was
used. A plot of this data is shown in Figure 14 where the FWHM is seen %o
be 52 Kev., The output of the pulse generator when fed directly into the
linear amplifier (preamplifier, detector, and power supply not inecluded in

the circuit) yielded an essentially "one-channel" profile,
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Figure 14, Energy resolution of pulse generator output (see Appendix C,
Table 7 for data)



43

Effect of triton energy losses in Li F foil on total system resolution

The effect on the energy resolution of triton energy losses in the
L16F foil was determined by counting only thermal neutrons and cbserving
the FWEM of the resulting triton peak. The same detector geomeiry as
seen in Figure 7 was maintained here with the exception that no aluminum
"catcher" foil was in place, In the absence of the '"catcher" folil, both
tritons and alpha particles were detected. The energy of the particles,
i.e., 2.73 Mev for tritons and 2,05 Mev for alpha particles caused the
respective peaks to be separated and thus permitted the analysis of the
triton peak, The triton peak is plotted on Figure 15 and the FWHM was
found to be 75 Kev,

Effect of triton energy loss variations in the "catcher! foll on the
total system resolution

This effect was determined by putting the aluminum "catcher™ foll
in place and again observing the FWHM of the triton peak produced by
detecting only thermal neutrons. This data is plotted on Figure 16 and the
FWHM was found to be 148 Kev, It is noted that the value of FWHMY shovm in
Figure 16 includes the contribution due to electronic noise and energy
losses in the Li6F foll as well as that due to energy loss variations in
the "catcher" foll, In the subsequent analysis, the resultant effect of the
above three resolution factors will be considered as a single contribution
to the total resolution of this detection system. It is assumed that
this contribution is constant for the neutron energies of interest in this
work,

The contribution from gamma radiation, if large enough, will render

the derived distribution statistically meaningless.
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Contribution to total system resolution of system geometry

As can be seen from HEquation 21, the energy of the triton resulting
from the Lis(n.‘l‘)Heu reaction is dependent on the neutron energy and the
angle (in the center-of-mass system) at which the triton is scattered
with respect to the direction of travel of the incident neutron. For
neutrons of a given energy, the triton energy will range from the value

calculated when ¢, = oo, to that calculated when ¢, is the maximum as
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Figure 16, Energy resolution of triton peak produced by thermal neutrons
with "ecatcher" foil in place (see Appendix C, Table 9 for data)

allowed by the detection system geometry. To permit a determination of
the effect of this variation in triton energy on the FWH of a triton peak
at any given neutron energy, it was assumed that the distribution of
triton energies for monoenergetic neutrons would have a shape similar to
the normal (Gaussian) distribution. From Price (26, p. 58) the FWHM is
then 2,36 W where w is the standard deviation of the pulse height
distribution or, in this case, the triton energy distribution. From the
characteristics of the normal distribution function, W is here taken to
be 1/6 of the total triton energy spread, ZXET. Table 5 shows the FWHM

determined by this method for each of the chosen values of neutron energy.
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Total resolution of detection system

The total resolution (FWHM) of this detection system is thus the
sum of the two "partial" widths determined above, If there is no
correlation between the uncertainties in the determination of neutron
energy for the individual "partial" widths, and if each has a Gaussian

distribution in amplitude, the total width (FWHM) can be determined by

G[ _ /Zcfia (24)

where & is the total system resolution and d; represents the i

the following quadratic form,

"partial' widths.

Rybakov and Sidorov (27), in their treatment of this subject, note
that this method of combining partial widths does not introduce any
significant error even when the distribution of uncertainties is not
Gaussian,

The total resolution of this detection system excluding background
for each value of neutron energy is showm in Table 6. Results are in-
cluded for the system with and without the "eatcher" foil.

Figure 17 shows a plot of the total system resolution as a function

of neutron energy.

-



Table 5. System geometry contribution to total resolution

Neutfﬁzv‘;mergy ( ';bo)min ( Qbo)m (El')min (E]_-)m AET FWHM

(degrees) (degrees) (Mev) (Mev) (Mev) (Mev)
0.150 0 57.90 3.000 3.110 0,110 0.043
0,200 0 58.10 3.041 3.194 0.153 0,060
0,258 0 58.25 3.100 3.270 0,170 0.067
0.270 0 58.30 3.110 3.290 0.180 0.070
0.300 0 58,50 3.140 3.335 0.195 0.076
0.350 0 58.80 3.182 3.396 0.214 0.084
0.400 0 59.25 3.230 3.460 0.230 0.090
0.565 0 60. 00 3.362 3.650 0.288 0.113
0,600 0 60.25 3.400 3.700 0.300 0.118
1,100 0 61.60 3.784 4,240 0.456 0.179
1.500 0 62,50 4,080 4,660 0.580 0,228
2,000 0 63.50 I, 440 5,150 0.710 0.279
2,150 0 63.90 k. 560 5.300 0.7%0 0.291

i



Table 6, Total energy resolution of detection system with and without the alumimum "catcher" foil

Neutron Energy Total Resolution % Total Resolution
(Mev) with foil (FWHM) Resolution with no foil (FWHM) Resolution
(Mev) (Kev)
0.150 0.154 103 86 57
0,200 0.159 79 96 48
0,258 0.163 63 100 39
0.270 0.164 61 103 38
0,300 0.167 56 107 36
0.350 0.170 b9 112 32
0.400 0.174 43 117 29
0.565 0.186 33 135 24
0.600 0,189 31 139 23
1,100 0.232 21 194 18
1. 500 0.272 18 240 16
2,000 0.316 16 289 15

2,150 0.327 15 300 , 14
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EXPERTMENTAL EQUIPMENT AND PROCEDURE

The experimental equipment incorporated into this detection system
was selected in an effort to develop 2 low cost neutron spectrometer
requiring a minirum of electronic apparatus and yet having satisfactory
resolution and efficiency characteristics as compared to other methods.
The system under discussion, utilizing a single semiconductor detector,
satisfies these requirements,

The principle disadvantage of a system of this type is that all
effects of gamma rays and charged-particle reactions other then the
Iié(n,T)Heu reaction mist be eliminated either by shielding the detector
(in the case of garma rays) or by doing background runs, In the coin-
cldence systems, for example, these effects are eliminated electron-
ically. The cost of the coincidence type spectrometer system, however,
is a significant consideration.

The principle experimental objective was to demonstrate the ability
of the proposed detection system to resolve the fission spectrum of
U-235 in the energy range from 0.15 to 2.15 Mev. Determination of the
effects produced by garma rays and fast neutron induced charged-particle
reaction was also of prime significance,

The source of fast neutrons was a fission foill of uranium 93%
enriched in U-235, The energy spectrum of prompt neutrons released as a
result of thermal fission of U-235 is well knovm and is given, for
example, in Etheringten (8, p. 7-91).

Calibration of the detection system and experimental determination

of the various resolution effects have been deseribed in the section on
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detection system analysis and are not repeated here.
The apparatus which was used for the initial experimental runs is

shown in Figure 18,

Detector with

Li°F Foil, Grid

and "Catcher"
Foil

Fission Foil
Holding Device\\\

Figure 18, Apparatus for initial runs inside thermal column

The bax, constructed of 0.031 inch sheet aluminum, provided fixed system
geometry. To reduce the thermal neutron flux at the location of the
"converter" foil and detector, the box was covered with 0,030 inch
cadmium, excepting a 1 inch diameter hole of the location of the fission
foils.

Prior to doing experimental work with the detection system in the
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reactor, two reactor runs were made to determine reactivity effects
introduced by placing fission foils in the thermal column of the UTR-10.
An initial run was made with the cadmium covered box (no fission foils)
placed in the opening normally occupied by the central stringer of the
thermal colum at a distance of 26 inches from the "south" core tank,

The location of the box relative to the core is shown in Figure 19.

_ "South" = T—— J;Lua/z&"

-ﬁw _Core Tank G SR —
| Lead ¥ Curtain : -
p Lot
AN TN BRI ISV
T T s |
)
__J N
R =il
| | M
Ll
Box / | | =
Housing ; Eg
= Detector ]
o
0
[ ;
!
- ’ \

//// ‘h\\=———Thermal Column
Central [:::—_7
Stringer J

Grapﬁiée

Figure 19, Relative location of UTR-10 thermal colurm and "south"
core tank
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The control rod positions and moderator inlet and outlet temperatures
were recorded with the reactor power level at 1 watt., A subsequent run
was made under identical conditions as during the first run except that
two fission foils were attached to the front of the cadmium covered box,
At the same power level of 1 watt, it was found that all control rod
position readings and moderator temperature readings were the same as for
the previous run, indicating that the fission folls (10 grams total mass )

had a negligible effect on the reactivity of the UTR-10 reaclor.

Investigation of System Operation Inside the Thermal Column

The initial experimental run in the thermal colum was made using
the apparatus shown in Figure 18. The fission plate, "converter" foil,
grid with "catcher" foil, and detector were positioned as showm in Figure
7. The detector was covered with 0,030 inch cadmium. The box was
placed in the opening normally occupied by the central stringer of the
thermal column at a point 32 inches from the "south" core tank, That
portion of the opening between the box and the core tank was filled with
graphite, With the reactor power level at 300 watts, data was taken for
a 10 minute period. A plot of the results is shown in Figure 20,

It is seen that the triton peak from thermal neutron reactions in
the "converter" foil is located in channel nmumber 71 (i.e, 1.80 Mev),
From the triton energy.loss calculations and the calibration data, this
peak was expected to fall in or slightly below channel number 45, The
resolution of this triton peak was also mch worse than had been expected.

These results could be explained if the neutron flux at the

detector location included a significant high energzy corponent, That is,
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Flgure 20, Plot of results obtained with detection system inside
thermal colum at point 32 inches from "south!" core tank
(see Appendix C, Table 10 for data)

a significant fraction of the neutrons at this point in the thermal
colum had not yet been completely thermalized and the detector was
indicating this,

The apparatus was then modified as shown in Figure 21, The alter-
nating layers of 0,125 inch plexiglas and 0,030 inch cadmium were
intended to moderate and then capture epi-cadmium neutrons that passed

through the cadmiuvm surrounding the aluminum box. The apparatus was
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Modification of apparatus incorporating
layers of plexiglas and cadmium,

two alternating
Items from left to right
inglude the fission foil holding device, fission foil,

LiSF "converter'" foil, grid with "ecatcher" foil, detector,
and cadmium covered box with modification.
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positioned 46 inches from the core tank, i.e, (withdrawm a further 14
inches into the thermal colwm), to determine if the assumption of in-
complete thermalization could explain the results found previously.
Using one fission foil, data was taken for 15 rmimtes at a reactor power
level of 600 watts, The results obtained were very similar to those
obtained previously, i.e. the peak was located in channel number 72 and
no improvement in resolution was noted. An additional run was then made
without fission foils. Counting was done for 8 mimutes at 2 power level
of 600 watts, No improvement in peak location or resolution was found.

The apparatus was then relocated at the enc of the thermal colum
where effects due to incomplete thermalization would be minimized and
data taken.

Since a fraction of the incident thermal neutrons will pass throwgh
the fission foils and reach the converter, it is necessary to subtract
such contributions to obtain a meaningful fission spectrum measurement,
A foll of lead and cadmium having the same thermal neutron szbsorbing and
scattering properties as the fission folls was made (for cetzils see
Appendix B). The thermal neutron contribution was eliminated by making
identical runs using first the fission folls and then the lead-cadmium

foil and identifying the difference as being due to fission neutrons.

Investigation of System Cperation
at the End of the Thermal Columm
The apparatus was positioned with respect to the thermal colum and
and the thermal columm door as shown in Figure 22,
To evaluate the resolution of the system in this new position, the

reactor was brought to a power level of 5000 watts and the pulse generator
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Figure 22, Position of apparatus for measurements at end of thermal
column

was pulsed during the counting period. The FWHM of the peak obtained

was nearly 3 times as great as that obtained when the reactor was at

zero power. Figure 23 shows the results of this run., The pulse

generator was then pulsed (120 pulses per second for 1.5 minutes) at
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Figure 23, Resolution of pulse generator output at reactor power levels
of 0 and 5000 watis %see Appendix C, Table 13 for data)

levels corresponding to 2.0, 2.5, 3.0, 3.5, and 4,04 Mev particle energy
at reactor power levels of 0, 100, 500, 1000, and 2500 watts respectively.
The peaks cbtained from these runs are shown in Figure 24,

It was evident at this point that the location of the thermal triton
peak and the poor resolution of this peak was due in part to gamma radia-
tion rather than entirely to epi-cadmium neutrons. That is, the gamma
rays incident on the detector were producing a strong background of small
charge pulses, When a pulse from the detector or pulse generator was‘

superimposed on this background, there was a certain probability of the



58

Counts Per Channsl

2000 T T 1 ] T T ] T | [T ] 1T TLTT] | | 1 |
[ I O 6 I | 0 i [ il ' [ 1
|‘ | | iIF| 'l | 1 | iIE[T [ }[' ! ] ‘L:
"’0—1{; 4'.;.‘1.5,"‘:::;T J_(:)L? Watrs | |J ] | T 1 0 : ; 111
| | [ I | | 1T | | | |
LS ! £2) 500 watts ] N u
5 mmiim S 0
111 1 1 1 || 1 | 1
1500 1 — : 1
I [ I |
| [ j[42] - !
o | | LWL WEL L I
I ! Il 1
1 [T (@] [
| [ IR 11| | \
I | 1 [ il 113 | ‘ 1
= IESSERNRRSt : S
21 | ] ]
1000 Bl Fl 11 | I HEREEE
RN [ [ [T 1T 1 il il |
| [ ] I T | | [ ] 0 G
I & {1 1 l;? I o] | 1 12500 a
[1 | { I 1 1
[li T [ 11 H l] [ i 1
| ' T T . Al 0 11
[ 11 il ' i ] o [ 1] | M 1
mEE. mEE R
500\ I \ EPECEN | 1 { [ W
1 Y | | 4 il 0 [ O O [
] 17 | 11 ' /AN '
11 ] 1K | / \
1 [ Ta T I
& [ 1] | T T I Il
4 [ | \ [ A [ 1
] I I | | b
/ \ oY I i Nl
0 La oy i s | [ 1P [ 1a/ 1 ks
100 150 200 250 300 350

Channel Number

Figure 24, Resolution of pulser peaks at different reactor power levels
with apparatus positioned as shown in Figure 22 (see Appendix
C, Table 14 for data)

two pulses being produced at the same time, When this happened, the
pulse from the detector or pulse generator appeared to be larger in
magnitude than was expected. This variation in magnitude of the primary
pulses was responsible for the resolution effects observed.

Subsequent runs were then made with the apparatus in the same
position but shielded from gamma radiation from the core by a lead brick
positioned as shown in Figure 25. The pulse generator was again pulsed

(120 pulses per second for 1 min.) at levels corresponding to 2.08, 2,54,
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3.08, and 3.50 Mev particle energy at reactor power levels of 0, 500,
1000, and 5000 watts respectively. The resulting peaks are shown in
Figure 26, There was no significant change between the resolution ob-
tained at corresponding power levels with and without the lead brick.

It was then postulated that the (n, ¥) reaction in cadmium was
responsible for the resolution effects., The absorption of a thermal
neutron in cadmium occurs with the release of a gamma ray with energy in
excess of 9 Mev, To eliminate this reaction, all the cadmium that had
been used in the system was removed and boral (which produces an alpha
particle) was substituted as the thermal neutron absorbing material., The
boral used, in sheet form, was 0,125 inch total thickness of which
0.040 inches (0,020 inch cladding on each side) is aluminum., The center

portion of the sandwich is a mixture of 35 weight per cent Buc aluminun,

|
Central ;
Thermal - Stringer {
Colum d 5 Lead Brick {
‘ [
3
Adr
Box Housing
Thermal | Detector
Column Hole in j
Door Thermal | ‘
Columm Door —=—

Graphite Lead Concrete

Figure 25. Position of lead shielding with apparatus at end of thermal
columm
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Figure 26, Resolution of pulser peaks at different reactor power levels
with apparatus shielded as shown in Figure 25 (see Appendix C,
Table 15 for data)

The first experimental run using boral was made with the apparatus
as shovn in Figure 27. The apparatus was positioned at the end of the
thermal column as shown in Figure 25. The pulse generator was pulsed (120
pulses per second for 1 minute) at levels corresponding to 2.08, 2,54,
3.08, and 3.50 Mev particle energy at reactor power levels of 0, 500,
1000, and 5000 watis respectively. The resulting peaks are shown in
Figure 28,

The peak resulting from detection of thermal neutrons at a reactor
power level of 5000 watts is also plotted on Figure 28, and it is seen to

fall where it was expected, i.e. chamnel number 51 for a threshold setting



Boral Sheet,
1/8 inch thick

Figure 27. Apparatus with boral being used instead of cadmium

of 110,

Final modification of the apparatus consisted of adding additional
boral and lead shielding., The apparatus then appeared as shown in
Figure 29,

Three experimental runs were made to determine the ability of this
detection system to resolve the fission spectrum in the energy range from
.15 to 2,15 Mev, The first was made using 2 fission foils. The converter

foil, grid and "ecatcher" foil were positioned as shown before. Data was
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Figure 28, Resolution of pulser peaks with boral substituted for
cadmium (see Appendix C, Table 16 for data)
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Figure 29. Detection system apparatus as used for final measuremen
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taken for 53 mimutes at a reactor power level of 4000 watts. The second
or background run was made with the lead-cadmium foil substituted for the
fission folls, Data was again taken for 53 mimutes at a power level of
LO0OO watts, The difference in the data from these two runs was due to the
effects of the fission neutrons., The third run was made using 2 fission
foils, however, the IiéF "eonverter! foil was removed and replaced with an
18 mil foil of alurdrum, The purpose of this run was Lo eliminate the
counts due to both fast neutron reactions in the detector itself, and
charged-particle reactions in the surrounding material, The information
from this run indicated that the results of the two preceeding runs in-
cluded a large corponent due to reactions other than those talking place in
the Li6F foil, Data cbtained for the three runs is showmn in Figure 30,
Subsequent investigation using a Po-Be neutron source (yilelding
neutrons with energies from approximately 2 to 10 Mev) indicated that
fast neutron reactions in the detector itself were negligible compared to
reactions involving the aluminum in the grid and "eonverter" foil.
Apparently, in the presence of neutrons with energy above the threshold
for the A127(n,p)Mg2? reaction, the high background associated with the

present design makes spectrum measurements difficult if not irpossible,
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RESULTS AND CONCLUSIONS

A detection system has been designed which, on the basis of the
current analysis, appears suitable for measurement of neutron energies
in the range from 0.15 to 2,15 Mev, This energy range is below that in
which the cross section of the A127(n,p)Mg27 reaction becomes signifi-
cant. For monoenergetic neutrons the total resolution (FWHM) of the
system was calculated to be 0,086 Mev at 0.15 Mev and 0.30 Mev at 2,15
Mev. For spectrum measurements of neutrons of eneréies between 0,15 and
2.15 Mev the resolution (FWHM) is reduvced to 0,154 Mev at 0,15 Mev and
| 0.327 Mev at 2,15 Mev,

A statistically significant experimental verification of the opera-
tion of the triton detection system using a fission neutron source
falled due to the high proton background arising from high energzy neutron
(above 2 Mev) reactions in the aluminum incorporated into the system.

The upper limit of the detection system capability depends on the thresh-
hold and yield of neutron reactions involving system materials and leading
to the production of charged particles.

Use of the system in a reactor environment would be suitable only if
sufficient garma ray shielding could be provided for the semiconductor
detector. Gamma rays decrease the resolution of the system and their
presence can be tolerated to the extent that the resolution is not effected
significantly.

Use of materials, (excepting the "converter" foil) which yield charged
particles in the energy range from 1.98 to 4,17 Mev as a2 result of fast

neutron reactions, mist be minimized, The limits of the above energy
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range correspond to the detected energy of tritons resulting from
reactions produced by 0.15 and 2,15 Mev neutrons, Materials which mst
be carefully selected include the backing material for the "converter"
foil, the collimating grid and "ecatcher" foil, and all materials included
in the detector itself,

The energy resolution of the system could be improved considerably
at low neutron energies by using a different linear amplifier, e.g. ORTEC
Model No., 201, The electronic noise in the system used in this work
contributes 52 Kev to the total system resolution. This could be reduced
to approximately 15 Kev FWHM by utilizing a linear arplifier designed
specifically for use with the preamplifier used in this work,

The efficiency of the system could be improved by a factor of 3
without appreciably reducing the total system resolution, assuming that
better electronic equipment as discussed above was employed., The increase
in efficiency would be due to an inecrease in the thickness of the
"eonverter" foil., The foil used in this work (155 ;Agm/cm?) contributes
approximately 23 Kev to the FWHM of the triton peak resulting from thermal
neutrons.

Triton energy losses in the aluminum "catcher" foil and in air, as
determined experimentally for tritons resulting from thermal neutron
reactions, are in good agreement with the calenlated energy losses., From
Figures 15 and 16 it is seen that the iriton peak was shifted 120 channels
when the "catcher!" foil was inserted into the grid. For a chammel width -
of 8.9 Kev this represents a triteon enerzy loss of 1,06 Mev. The differ-
ence in detected triton energy with and without the "catcher" foil (Table

3) was calculated to be 1,04 Mev,
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Use of the aluminum "catcher! foil contributes approximately 73 Kev

to the FWHM of the triton peak.
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RECOMMENDATIONS FOR FURTHER STUDY

It would be highly desirable to test this detection system using
monoenergetic neutrons at several different energies within the energy
range for which it was designed. This would yield experimental values
for the resolution of the system as a function of neutron energy. In

addition, this would provide 2 means of checking the triton energy loss

-

calculations for noutrons above thermal energy. The Li?(p,n)Be( and

T(p,n)H93 reactions are both suitable for generation of neutrons with
energies in the range from 0.15 to 2,15 Mev.

As is seen from Equation 11, the thickness of the depletlon region
for semiconductor detectors is dependent on the magnitude of the applied
voltage and resistivity of the detector material, Cederlund et al., (3)
have used this characteristic of these detectors as a means of
diseriminating between alpha-particles and protons. It would be of
interest to determine if this method could be used to discriminate be-
tween alpha-particles and tritons., If so, the "ecatcher" foil could be
eliminated from the system with a resulting inerease in the total resolu-
tion of the systenm.

An alternate method of discriminating between tritons and alpha-
particles would be to use pulse shape discrimination, Different charged
particles in the process of being stopped in semiconductor detectors
produce pulses of differen® shapes, Suitable electronic systems can
detect these different pulse shapes and thus diserimination can be accome
plished. Funsten (11) has demonstrated the usefulness of this method,

Further investigations using a fission spectrum should be made., This
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would require use of a different backing material for the "econverter™ foll
and different materials for the grid and "catcher" foil. Use of a thicker
LiéF foll in conjunction with better electronics would also be an improve-
ment over the current design.

A more detailed analysis of the efficiency of the system could be
completed in order that absolute measurements of the number of neutrons at

each energy could be made, The current analysis of efficiency is on a

relative basis only.
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SYBOLS EMPLCYED

electronic charge
electric field strength
alpha-particle energy

energy ava&lable to the disintegration products of the
Li%(n,T)He™ reaction

gamma ray energy

maxirum energy that can be transferred to an electron in the
semiconductor material by a charged particle of mass Eb and

energy Ep

neutron energy

energy of unspecified charged particle
triton energy

fraction of neutrons of a given energy incident on the Ii F
foil which result in a detectable triton

pulse height interval between the points at which one-half of
the maximum occurs

pulse height corresponding to the maxirmm in the curve
Boltzman constant

mass of alpha-particle

electron mass

mass of neutron

mass of unspecified charged particle

mass of triton

total number of electron-hole pairs produced by an incident
charged particle

electron concentration in n-type semiconductor material

electron concentration in p-type semiconductor material
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6 L
momentum of alpha-particle resulting from Ii (n,T)He reaction
L
momentum of triton resulting from Lié(n.T)He reaction
Q-value for Iis(n,T)Heu reaction = 4,78 llev

contribution to pulse produced in detector by a charged particle
due to collection of electrons

contribution to pulse produced in detector by a charged particle
due to collection of holes

temperature in degrees Kelvin

velocity of electron

reverse bias applied to the detector
barrier-height potential of p-n junction

contribution to total pulse height spread due to statisties
of electron-hole formation

depth of depletion region existing in the n-type material
depth of depletion region existing in the p-type material

atomic number

total detection system resolution (FWHM)

average energy required to produce an electron-hole pair in
silicon

dielectric constant of silicon
carrier drift length
electron mobility in n-type semiconductor material

standard deviation in triton energy distribution resulting from
reaction produced by monoenergetic neuntrons

maxirmm triton scattering angle in laboratory system
maximum triton scattering angle in center-of-mass systenm

resistivity of silicon in the detector
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macroscropic absorption cross section
microscopic absorption cross section
macroscopic scattering cross section
microscopic scattering cross section

6 L
eross section for Li (n,T)He reaction ylelding a triton which
is detected. Conditions are specified in definition of ©.

transit time for charge carriers

maxirmm angle in the laboratory system into which triton can be
scattered and still be delected., This assumes the neutron is
incident normal to the Li“F foil and the reaction takes place on
the axis of a grid hole.

in terms of center-of-mass system of coordinates

standard deviation in number of electron-hole pairs produced in
semiconductor detectors by charged particle of energy Ep
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APPENDIX A

Equipment Iist

Detector ..‘....._......‘ORTEC* Model No. NHD300 CO, Surface-barrier
type: Area = 300 rm>, Resistivity = 3000
ohm-cm

Power SUPPLY . ...........ORTEC Model No, 106, Serial No. 49

Preamplifier _ . .........0""7C Model No., 105, Serial No. 190

Linear Amplifier RIDL, This device was an integral part of

the 400 channel analyzer,
400 Channel Analyzer.....RIDL Model No, 34-12B, Serial No. 84611 C
Pulse Generator..c.cecees..RIDL Model No, 47-7, Serial No. 50E8429

Alpha-particle source Am241

L

E£.='5.h7? Vev, Prepared by ORTEC
Fission FollS veeeececssssl inch diameter, 0.020 inch thieck, 937

enriched in U-235

* Qak Ridge Technical Enterprises Corporation
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APPENDIX B

Discussion of

The lead-cadmium foil used in t

of the 1 inch diameter, 0,020 inch thleck fission f
eross section and density

determine the amounts of

below,

The amounts of

j{a = 114 cmfl, E:s
2 4 = 0,006 on™, >
s = 683 bams, 0
g = 2.7 barns, 0 s

lead and

as follows:

1.

3.

The macroscoplc ebsorption

caleulated for the fission

-1 / o
Z&. JO. 850 cm s
The totel ghsorption and sc
fission foils was calculate

by Ze. end ES respectively.

2

be 15,90 em

-

2]

to be 0,247

-
was cal

The amoun: of cadmivwm requi

s

£l

Load-Cadmiun F

his work was designed

and scatt

e as
2ring cross SsecLulons were

o | L T ] -
calovlaiec values were

4

0.1:80 em .

4.

attering cross sections of the two

£ 2T
ol uLaie

d by multiplying the volume

The total absorption cross
h

e Y, &
and the tota

~
o

cn .

red to provide

to replace two

The appropriate

in maldng the c2lculations to
dminm needed in the foil, are listed
= 0,325 em —, density = 8,65 &M
cm’
= |
s -~ - - -~ ~
= 0,263 em , density = 11,35 87
err’
= 10 barns, density = 12 gm_
b
cm’
5 2 ~m
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cross section as the two fission folls was calculated to be
0.1395 cm3 or 1,164 gms, It was assumed that lead would make no
contribution to the absorbing properties of the foil.

L, The contribution of 1.164 gms of cadrium to the total scattering
eross section of the foll was calculated to be 0,0452 cm?.

5. The difference between the total scattering cross section of the
fission foils and the contribution to this provided by the
cadmium was caleulated to be 0,2018 cm?.

6. The amount of lead required to provide this total scatiering
cross section was calenlated to be 0,555 cm3 or 6.32 gms.

The lead-cadmium foil was made by melting the appropriate mass ratio

of lead and cadmium and pouring the melt into a graphite mold, The 1 inch
diameter foil was then machined until the total mass required (6,32 gms of

lead + 1.164 gms of cadmium=7.48%4 gms) was attained.
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APPENDIX C

Data

Table 7. Energy resolution of pulse generator output

Date: March 25, 1966 Temperature: 21.°%¢

Reactor Power Level: Counting Time:

Analyzer Conversion Gain: 1 Course Gain: £ Fine Gain:
Settings: Threshold: 120 Upper Level: 1100 Store-In:
Pulse Pulse Height: 1,62 ttenmation: 5x  Polarity:
Generator

Setting: Normalize: O

Detector

Power Supply: Detector Bias: 30 volts

Preamplifier

Settings: Gain: =x1 Invert: X Non-Invert:

69
0-400

Channel | 2 3 L 5 6 7 8 9 10

Nurmber

01-10 00000 00000 00002 00000 00000 00000 00000 QOO00 00000 00000
11-.20 00000 00000 00000 00000 00000 00000 00000 00000 Q0000 00000
21-30 00000 00000 00000 00000 00000 00000 00001 00000 00000 00000
31-40 C0000 00000 00000 00000 00000 CO0CO 00000 Q0000 00000 00000
4150 00001 00002 00009 00021 00050 00164 00278 00512 00750 00922
5160 01012 00974 00777 00552 00308 00143 00079 00037 00011l 00001
61-70 00002 00000 00000 00000 00000 00000 00000 00000 00000 00000
71-80 00000 00000 00001 00000 00000 Q0000 Q0000 00000 00000 00000
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Energy resolution of triton peak produced by thermal neutrons

Date: April 8, 1966 Temperature: 24°C
Reactor Fower Level: 75 watts Counting Time: 10 min,
Analyzer Conversion Gain: 1 Course Gain: Tine Gain: 6?
Settings: Threshold: 50 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height: Attemuation: 5x Polarity: -~
Generator
Setting: Normalize: O
Detector
Power Supply: Detector Bias: 30 volts
Preamplifier
Settings: Gain: x1 Invert: X Non-Invert:
Channel 1 2 3 L 5 6 7 8 9 10
Number
61-70 00055 00063 00051 00043 00075 00063 00051 00084 00073 00060
71-80 00065 00070 00088 00087 00096 00111 00104 00132 00110 00119
81-90 00139 00132 00146 00137 00190 00177 00210 00199 00234 00212
91-.100 00229 00263 00259 00253 00254 00258 00299 00303 00325 00284
101-110 00279 00322 00290 00322 00319 00308 00297 00305 00311 00320
111-120 00320 00307 00300 00304 00321 00311 00308 00264 00296 00263
121-130 00256 00244 00214 00406 00190 00180 00156 00123 00126 00092
131-140 00094 00055 00043 00034 00026 00019 00012 00005 00004 00001
141-150 00005 00003 00003 00003 00001 00COL 00001l 00004 Q0001 00007
151-160 00003 00004 00004 00003 00005 00006 00004 00004 00004 00001
161-170 00001 00004 00004 00004 00003 00009 00005 00005 00002 00001
171-180 00003 00004 00000 00005 00007 00003 00002 00004 00002 00005
181-190 00001 00002 00001 00003 00004 00005 00003 00003 00005 00004
191-200 00004 00007 00005 00002 00007 00005 00005 00005 00003 00005
201-210 00009 00005 00009 00007 00003 00007 00010 00008 C0007 00010
211-220 00018 00021 00018 00025 00022 00031 00028 00033 00043 00037
221-230 00042 00056 00052 00059 000465 00078 00085 00092 00133 00179
231-240 00253 00333 00475 00681 00833 01085 01211 01301 01374 01306
241-250 01112 00931 00710 00508 00301 00163 00093 00032 00017 00008
251-260 00003 00003 00001 00002 00000 00000 00000 00001 00003 0000L
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Table 9. Energy resolution of triton peak produced by thermal neutrons
with "eatcher" foil in place

Date: April 8, 1966 Temperature: 24°C

Reactor Power Level: 75 watts Counting Time: 27 min,

Analyzer Conversion Gain: 1 Course Gain: 4  Fine Gain: 69
Settings: Threshold: 50 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height: Atternuation: 5x  Polarity: -
Generator

Setting: Normalize: O

Detector

Power Supply: Detector Bias: 30 volts

Preamlifier
Settings: Gain: x1 Invert: X Non-Invert:

Channel 1 2 3 L 5 6 2 8 9 10
Number

81-90 00047 00051 00052 00043 00046 00062 00062 00070 0006L 00091
91-100 00071 00095 00109 00097 00132 00140 00152 00173 00191 00215
101-110 00241 00271 00278 00286 00401 00358 00393 00456 00528 00528
111-120 00685 00666 00709 00758 00793 00803 00850 00914 00937 00865
121-130 00829 00711 00879 00599 00536 00504 00383 00330 00275 00190
131-140 00177 00141 00080 00060 00036 00028 00017 00018 00014 00010
141-150 00006 00007 00006 00001 00003 00002 00002 00005 00007 00000
151-160 00003 00004 00001 00003 00002 00003 00003 00002 00002 00002
161-170 00003 00001 00000 00002 00001 00002 00000 00002 00001 00002
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Table 10, Results obtained with detection system inside thermal colum
at point 32 inches from "south" core tank

Date: March 8, 1966 Temperature: 23°¢

Reactor Power Level: 300 watts Counting Time: 10 min,

Analyzer Conversion Gain: 1 Course Gain: + Fine Gain: 69
Settings: Threshold: 120 Upper Level: 1100 Store-In: 0-400

Pulse Pulse Height: Attenuation: Polarity: =

Generator

Setting: Normelize: O

Detector

Power Supply: Detector Bias: 30 volis

Preamlifier

Settines: Gain: x1 Invert: X Non-Invert:
Channel 1L 2 3 L 5 6 4 8 Q 10

Number
01-10 00000 00001 00000 00000 00001 00000 00009 00157 00093 00056
11-20 00076 00095 00083 00134 00117 00130 00145 00136 00171 00193
21-30 00225 00245 00267 00307 00375 00437 00510 00578 00630 00682
31-40 00786 00841, 00993 01058 01193 01279 01467 01515 01770 01873
41-50 02099 02185 02260 02596 02783 02868 03109 03387 03552 03815
51-560 03915 04183 04393 0L425 o474l 04B57 05174 05288 05477 05651
61-70 05750 05835 05820 06123 06121 06320 06286 06346 06284 06366
71-80 06441 06402 06380 06393 06171 06183 06048 06171 05794 05987
81-90 05812 05653 05571 05401 05261 05175 05104 OLO94 04866 04715
91-100  O4487 04500 O4247 04107 04110 03966 03807 036383 03514 03396
101-110 03303 03211 03016 02971 02822 02797 02709 02673 02536 02439
111-120 02361 02245 02124 02039 02063 01871 01790 01746 01816 01669
121.130 01696 01584 01468 01433 01415 01398 01331 01234 01231 01187
131-140 01112 01062 01048 01043 00983 00918 00309 00846 00814 00731
141-150 00778 00791 00705 00692 00713 00642 005604 00639 00585 00590
151-160 00559 00543 00481 00456 00480 00417 00422 00398 00392 00373
161-170 00348 00322 00346 00305 00337 00310 00311 00260 00247 00275
171-180 00262 00221 00229 00235 00203 00194 00202 00205 00228 00179
181-190 00165 00172 00184 00152 00159 00136 00126 00149 00142 00102
191-200 00108 00116 00115 00112 O0CS3 00109 00090 0CO08S 00093 00088
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Table 11, Results obtained with detection system inside thermal columm
at point 46 inches from "south" core tank (Used one fission foil)

Date: March 11, 1966 Temperature: 2?°C

Reactor Power Level: 600 watts Counting Time: 15 min,

Analyzer Conversion Gain: 1 Course Gain: +  Fine Gain: 69
Settings: Threshold: 120 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height: Attermation: Polarity: -
Generator

Setting: Normalize: O

Detector

Power Supply: Detector Bias: 30 volts

Preamplifier
Settings: Gain: x1 Invert: X Non-Tnvert:

Channel v ! 2 3 I 5 6 ? 8 9 10
Number
01-10 00000 00002 00000 00000 00001 00000 0CO00 00002 00027 000192
11-20 00016 00022 00016 00017 00029 00026 00022 00049 00054 00043
21-30 00053 00061 00082 00080 00124 00151 00158 00150 00202 00240
3140 00304 00322 00361 00422 00446 00513 00592 00651 00747 00811
L1-50 00207 01000 01057 01172 01347 01427 01485 01672 01762 01858
51-60 01928 02092 02203 02311 02477 02487 02730 02629 02839 02947
61-70 03022 03124 03141 03222 03245 03176 03160 03286 03251 03382
71-80 03285 03349 03125 03215 03251 03063 02937 03073 02886 02838
8190 02870 02647 02666 02528 02395 02453 02b0L 022201 02160 02110
91-100 02046 01963 01872 01801 01813 01645 01600 01563 01500 01471
101-110 01370 01336 01295 01204 01148 01079 01063 01013 00985 00940
111-120 00854 00859 00817 00815 00819 00710 00675 00669 00649 00563
121.130 00578 00573 00550 00549 00501 00501 00454 00445 00426 00410
131-140 00349 00391 00349 00285 00332 00305 00322 00286 00258 00260
141-150 00245 00244+ 00228 00226 00207 00207 00185 00192 00185 00163
151-160 00134 00174 00149 00156 00143 00122 00116 00121 00145 00121
161-170 00109 00115 00078 00103 00038 00104 00091 00CS6 000SL 00070
171-180 00073 00068 00071 00043 00050 00073 00057 00046 Q0063 00057
181-190 00054 00050 00049 0005454 00045 00051 00045 00036 00035 00038
191200 00036 00041 00033 00022 00032 00022 00032 00017 00025 00039
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Tzble 12, Results cbtained with detection system inside thermal colum at
: point 46 inches from "south" core tank (No fission foil used)

0

Date: March 11, 1966 Temperature: 27 C

Reactor Power Level: 600 watts Counting Time: & min,

Analyzer Conversion Gain: 1 Course Gain: + Fine Gain: 6?
Settings: Threshold: 120 Upper Level: 1100 Store-In: 0-500
Pulse Pulse Height: Atteration: Polarity: -
Generator

Setting: Normalize: O

Detector

Power Supply: Detector Bias: 30 volts

Preammlifier
Settinzs: Gain: x1 Invert: X Non-Invert:

Channel 1 2 3 L 5 6 ? 8 9 10
Number
01-10 00000 00000 00000 00000 00001 00000 00001 00003 00004 00008
11-20 00005 00003 00007 00006 00007 00004 00015 00014 00011 00022
21-30 00021 00026 00029 00038 00054 00051 00058 00093 00093 00107
31-40 00112 00137 00147 00195 00223 00217 00279 00311 00357 00396
41-50 00472 00514 00551 00644 00654 00691 00816 00920 00937 01044
51-60 01064 01130 01154 01291 01371 01366 01458 01596 01592 01577
61-70 01691 01605 01775 01820 01797 01851 01799 01834 01791 01832
71-80 01861 01778 01871 01805 01748 01758 01628 01606 01612 01566
81-90 01576 01501 01459 01408 01305 01321 01237 01209 01193 01150
91-100 01070 01069 01044 00983 00952 00902 00842 00837 00793 00713
101-110 00727 00757 00678 00647 00596 00573 00597 00538 00467 00463
111.120 Q0476 00456 00436 00411 00397 00344 00417 00337 00325 00332
121-130 00266 00312 00313 00244 00264 00239 00212 00223 00200 00205
131-140 00207 00200 00160 00180 00163 00162 00136 00145 00137 00117
141-150 00116 00115 00094 00110 00085 00096 00080 000856 00075 00092
151-160 00071 00082 00073 00057 00061 00064 00065 00054 00039 00051
161-170 00050 00051 00048 00046 00033 00033 00028 00029 00034 00024
171-.180 00030 00028 00024 00026 00025 00029 00022 00021 00022 00019
181-190 00022 00020 00023 00018 00019 00014 00013 00007 00020 00015
191-200 00010 00012 00012 00003 00005 00008 00007 00008 00007 00006
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Table 13, Resolution of pulse generator output at reactor power levels
of 0 and 5000 watts

o
Date: March 29, 1966 Temperature: 23.8°C
Reactor Power Level: O and 5000 watts Counting Time: -
Analyzer Conversion Gain: 1 Course Gain: % Fine Gain: 69
Settings: Threshold: 110 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height: 3,60, 4,04 Attemmation: 5x  Polarity: -
Generator
Setting: Normalize: O
Detector

Power Supply: Detector Bias: 30 volts

Preammlifier
Settings: Gain: x1 Invert: X Non=Invert:

Channel 1 2 3 L 5 6 7 8 Q 10
Number

271-280 00000 00000 00000 00001 00002 00006 00013 00020 00052 00085
281-290 00157 00360 00790 01246 01402 01322 01063 00796 00519 00241
291-300 00162 00073 00039 00007 0000L 00002 00000 00000 00000 00000
301-310 00000 00000 00000 00000 Q0001 00000 0000L 00000 00000 00001
311-320 00003 00010 00015 00016 00021 00019 00037 00059 00055 00081
321-330 00112 00146 00193 00197 00241 00299 00279 00345 00343 00301
331-340 00347 00313 00274 00283 00295 00251 00258 00232 00241 00201
341-350 00172 00149 00159 00130 00143 00146 00089 00106 00102 00096
351-360 00090 00087 00073 00059 00055 00063 00052 00019 00055 0001
361-370 00044 00033 00046 CO0LO 00035 00034 00033 00027 00029 00016
371-380 00023 00024 00021 00024 00016 00015 00017 00017 00018 00014




Table 14, Resolution of pulser peaks at different reactor power levels
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with apparatus positioned as shovm on Figure 22

Date: March 29, 19566 Temperature: 24 C
Reactor Power Level: 0, 100, 500, Counting Time:

1000, 25C0 watts ,
Analyzer Conversion Gain: 1 Course Gain: + Fine Gain:
Settings: Threshold: 110 Upper Level: 1100 Store-In:
Pulse Pulse Height: 2,00, 2,50 Attenuation: 5x Polarity:
Generator 3.00, 3.50
Settinz: Normalize: 0 4,04
Detector

Power Supply:

Preamlifier
Settinegs:

Detector Bias: 30 volts

Galn: x1 Invert: X Non-Invert:

69
0-400

Channel i

Number

2 3 L 5 6 i 8 9 10

91-100 00002 000C4 00002 00002 00001 00001 00005 00000 00001 00001
101-110 00010 00023 00061 00142 00341 00612 01016 01400 01689 01614
111-120 01419 01101 00702 00392 00201 00079 00030 00013 00006 00003

P S

151-160 00000 00000 00001 00005 00016 00023 00103 00235 00443 00832
161-170 01165 01504 01681 01525 013056 00883 00479 00286 00122 00069
171-180 00047 00021 00013 00011l 00009 00010 00002 00004 00003 00005

o ———

201-210 00001 00000 00000 00000 00000 00001 00000 0C00L Q0006 00016
211-220 00028 00082 00157 00341 00568 00825 01144 01465 01550 01378
221-230 01153 00911 00669 00427 00270 00175 00120 00086 000567 00060
231-240 00041 00046 00037 00034 00016 00011l 00012 00023 00018 00009

T

261-270 00004 00003 00004 00010 00027 00059 00143 00255 00407 00523
271-280 00814 01104 01229 01196 01109 00889 00725 00558 00392 00290
281-290 00212 00187 00113 00107 00079 00084 00059 00055 00052 00039
291-300 00041 00041 00033 00019 00015 00016 00018 00012 00011 00016

T —

321-330 00008 00009 00021 00039 0006 00107 00181 00263 00347 00414
331-340 00571 00639 00700 00745 00726 00748 00647 00563 00493 00455
341-350 00372 00322 00261 00223 00228 0015% 00155 00149 00140 00104
351-360 00093 00085 00085 00031 00081 00056 00056 CO0S0 0004 00043
361-370 00034 00030 00032 00036 00025 00023 00021 G017 00018 00015
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Table 15. Resolution of pulser peaks at different reactor power levels
with apparatus shielded as shown on Figure 25

Date: March 31, 1966 Temperature: 25°C
Reactor Power Level: O, 500, 1000, Counting Time:
5000 watts
Analyzer Conversion Gain: 1 Course Gain: %+ Fine Gain: 69
Settings: Threshold: 110 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height: 2,08, 2.54 Attenuation: 5x Polarity: -
Generator 3.08, 3.503
Setting: Normalize: O o
Detector
Power Supply: Detector Bias: 30 volts
Preamplifier
Settings: Gain: x1 Invert: X Non-Invert:

Channel 1 2 3 b4 5 6 2 8 9 10
Number

101-110 00002 00000 00003 00000 00003 00002 00003 00002 00005 00008
111-120 00025 00074 00157 00331 00555 00829 01094 01152 01048 00857
121-130 00580 00352 00180 00077 00034 00008 00001 00000 00000 00000
131-140 00000 00001 00000 00000 00000 00000 00000 00002 00000 00002
141-150 00000 00000 00000 00002 00000 00000 00001 00000 00000 00000
151-160 00000 00000 00000 00001 00000 00001 00000 00001 00000 00002
161-170 00012 00013 00029 00093 00138 00268 00442 00643 00743 00858
171-180 00778 00816 00674 00426 00322 00212 00170 00103 00075 00076
181-190 00044 00038 00033 00030 00017 00030 00019 00013 00007 00015
191-200 00010 00011 00008 00012 00008 00007 00005 00010 00002 00008
201-210 00003 00008 00006 00007 00003 00002 00003 00002 00001 00001
211-220 00000 00000 00002 00004 00001 00000 00001 00001l 00010 00009
221-230 00022 00040 00107 00165 00274 00392 00525 005650 00670 00698
231-240 00672 00578 00429 00329 00256 00218 00165 00117 00110 00095
241-250 00087 00080 00067 00051 00044 00034 00030 00030 00040 00023
251-260 00025 00021 00024 00025 00027 00034 00036 00056 00051 00083
261-270 00114 00116 00148 00175 00190 00202 00238 00214 00219 00285
271-280 00229 00261 00224 00231 00240 00223 00217 00209 00192 00199
281-290 00190 00175 00151 00129 00143 00131 00100 00113 00102 00099
291-300 00086 00096 00075 00093 00072 00066 00082 00065 00059 00053
301-310 00055 00055 00049 00043 00042 00041 00037 00033 00030 00023
311-320 00029 00017 00030 00024 00029 00019 00022 00017 00021 00018
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Resolution of pulser peaks with boral substituted for cadmium

Date: April 2, 1966
Reactor Power Level:

0, 500, 1000,

Temperature: 250C

Counting Time:

11 min,

5000 watts
Analyzer Conversion Gain: 1 Course Gain: + Fine Gain: 69
Settines: Threshold: 110 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height: 2,08, 2,54 Attenuation: 5x Polarity: -
Generator 3.08, 3.50
Setting: Normalize: O
Detector
Power Supply: Detector Bias: 30 volts
Preamplifier
Settines: Gain: x1 Invert: X Non-Invert:
Channel 1 2 3 Ly 5 6 7 8 9 10
Nurber
21-30 00191 00176 00182 00216 00201 00209 00253 00262 00271 00294
31-40 00313 00357 00358 00392 00455 00503 00506 00568 00578 00665
41-50 00677 00763 00835 00905 00881 00968 00927 00939 00983 00953
51-60 01004 00903 00926 00920 00832 00789 00692 00640 00607 00507
61-70 00450 00375 00337 00268 00229 00200 00153 00129 00109 00124
71-80 00090 00084 00079 00070 00066 00043 00036 00044 00034 00032
81-90 00029 00020 00023 00028 00027 00026 00019 00017 00017 000038
91-100 00012 00013 00007 00018 00010 00007 00010 00007 00006 00003
101-110 00005 00002 00006 00009 00005 00012 00025 00065 00160 00284
111-.120 00525 00864 01104 01176 01149 00926 00592 00342 00169 00067
121-130 00034 00009 00003 00003 00002 00002 00003 00001 00001 00000
151-160 00000 Q0001 00000 00000 00002 00002 00001 00000 00010 00024
161.170 00052 00152 00287 00494 00714 01008 01100 01048 00882 006C9
171-180 00412 00217 00092 00056 00036 00014 00013 00012 00007 0000L
181-190 00004 00002 00003 00004 00001 00003 0000% 00002 00001 00000
T
211-220 00000 0CO00 00001 00000 00000 00000 00000 00007 00014 00054
221-230 00100 00211 00362 00573 00859 00968 01006 00910 00771 00527
231-24L0 00334 00175 00137 00061 00035 00023 00019 00019 00014 00007
NN
261-270 00001 00004 00009 00031 00070 00108 00202 00304 00476 00520
271-280 00711 00740 00727 00664 00502 00424 00315 00246 00175 00165
281-290 00132 00085 00031 00066 0005 000U 00036 00028 00046 00019
291-300 00026 00020 00018 00024 00013 00014 00017 00014 00006 00009




Table 17.

Results of run using 2 fission folls, "converter" foil, grid

and "eatcher! foil

90

Date: April 28, 1966 Temperature: 2&.5°C
Reactor Power Level: L4000 watts Counting Time: 53 min,
Analyzer Conversion Gain: 1 Course Gain: + Fine Gain: 69
Settings: Threshold: 110 Upper Level: 1100 Store-In: 0400
Pulse Pulse Height: Attenuation: Polarity: -
Generator
Setting: Normalize: O
Detector
Power Supply: Detector Bias: 30 volts
Preamnlifier

Settings: Gain: x1 Invert: X Non-Invert:
Channel 1 2 3 Iy 5 6 7 8 9 10
Number

91-100 00168 00143 00168 00146 00147 00150 00146 00128 00115 00142
101-110 00127 00134 00119 00134 00118 00126 00120 00110 00127 00115
111-120 00113 00116 00091 00116 00123 00108 00095 00127 00112 00125
121-130 00116 00090 00101 00121 00107 00096 00084 00088 00086 00098
131-140 00097 00099 00097 00090 00089 00094 00106 0008% 00080 00084
141-150 00087 00087 00102 00094 00082 00079 00086 00075 00085 00067
151-160 00085 00078 00088 00087 00072 00081 00077 00074 00074 00072
161-170 00064 00075 00079 00074 00071 00068 00073 00081 00063 00050
171-180 00070 00054 00062 Q0080 00070 00067 00063 00063 00064 00056
181-190 00061 00055 00069 00062 00060 00050 00065 00038 00050 00053
191-200 00063 00061 00063 00069 00049 00052 00060 00045 00055 00060
201-210 00055 00051 00057 00051 00055 00026 00033 00056 00043 00041
211.220 00053 00035 00037 00C4L 00037 00054 00044 00037 00045 00036
221-230 00053 00037 00030 00038 00054 00032 00035 00036 00031 00043
231-240 00050 00038 00038 00041 00045 00028 00025 00033 00051 00031
241-250 00028 00028 00041 00036 00025 00030 00035 00034 00037 00031
251-260 00031 00040 00028 00021 00035 00037 00022 00036 00028 00025
261-270 00027 00032 00029 00027 00031 00023 00031 00024 00030 00024
271-280 00020 00021 00020 00030 00029 00019 00023 00030 00031 00028
281-290 00024 00021 00026 00027 00022 00023 00029 00023 00018 00019
291-300 00020 00019 00018 00017 00020 00021 00025 00021 00017 00024
301-310 00027 00013 00015 00010 00020 00024 00020 00020 00017 00015
311-320 00018 00013 00016 00019 00014 00013 00017 00012 00017 00021
321-330 00008 00015 00015 00010 O00L& ©0021 00012 00010 00010 00009
331-340 00017 00010 00015 00018 00018 00012 00012 00008 00011l 0001l
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Table 18, Results of run using lead-cadmium foll, "converter" foil, grid
and "ecatcher!" foil

Date: April 27, 1966

Temperature:

26°

c

Reactor Power Level: 4000 watts Counting Time: 53 min,
Analyzer Conversion Gain: 1 Course Gain: < Fine Gain: 69
Settings: Threshold: 110 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height Attenuation: Polarity: -
Generator
Settine: Normalize: O
Detector
Power Supply: Detector Bias: 30 volts
Prearmlifier
Settings: Gain: x1 Invert: X Non-Invert:
Channel 1 2 3 L 5 6 Vi 8 9 10
Number

91-100 00023 00024 00017 00030 00022 00011 00018 00012 00014 00012
101-110 00011 00010 00010 00008 00014 00009 00010 00006 00008 00006
111-120 00006 00008 00005 000056 00007 00009 00007 00003 00007 0000L
121-130 00004 00001 00002 00000 00003 00004 00006 00004 00003 00003
131-140 00003 00003 00002 00003 00002 00004 00005 00000 00002 00003
141-150 00003 00004 00004 00000 00001 00002 00001 0000L 00003 00000
151-160 00005 00001 00003 00002 00002 00000 00001 00003 00000 00003
161-170 00002 00002 00002 00003 00001 00002 00001 00001 0CO04 00002
171180 00003 00001 00003 00003 00006 00002 00002 00002 00001 0000L
181-190 00004 00003 00001 00003 00001 00001 00002 00003 00001 0000L
191-200 00000 00000 00004 00002 00002 00002 00002 00002 00000 00002
201-210 00000 00002 00001 00001 00000 00001 00001 00001 00001 00000
211-220 00000 00001 00001 00001 00002 00001 00000 00000 00001 00000
221230 00000 00001 00000 00000 00001 00000 00001 00000 00000 00000
231-240 00001 00001 00000 00002 00000 00000 00000 00000 00000 00001
241250 00000 00000 00000 Q00CO 00002 00000 00002 00001 00001 00000
251260 00000 00000 00001 0CO00 00000 00001 00000 00000 00000 00000
261-270 00000 00000 00000 GOCOL 00000 000CO 00000 00000 00000 0000L
271-280 00000 00000 00000 00001 00000 00000 00000 00000 00000 00000
281-290 00000 00000 00000 00000 00000 00000 00000 00000 00001 00000
291-300 00001 00000 00000 000DL 00000 00000 00000 Q0001 00000 00002
301-310 00000 00000 00000 00004 00001 00000 00000 00000 00000 00000
311-320 00000 00001 00001 00000 00000 00000 00000 00001 00000 00000
321-330 00000 00001 00000 00000 00001 00000 00000 00000 00000 00000
331-340 00000 CO000 00000 00000 00000 00000 00000 00000 00000 00000




Table 19.
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Results of run using 2 fission foils, 0,018 inch aluminum,

grid and "ecatcher" foil

Date: April 28, 1966

o
Temperature: 25 C

Reactor Power Level: 4000 watts Counting Time: 53 min.
Analyzer Conversion Gain: 1 Course Gain: %  Fine Gain: 69
Settings: Threshold: 110 Upper Level: 1100 Store-In: 0-400
Pulse Pulse Height Attenuation: Polarity: -
Generator
Setting: Normalize: O
Detector
Power Supply: Detector Bias: 30 voltis
Prearplifier
Settings: Gain: x1 Invert: X Non-Invert:
Chanmel o 2 3 Ly 5 6 7 8 9 10
Number

91-100 00140 00119 00127 00124 00125 00141 00146 00121 00101 00125
101-110 00110 00122 00105 00127 00112 00111 00125 00105 00103 00110
111-120 00102 00102 00102 00103 00116 00098 00110 00098 00102 00088
121-130 00112 00089 00098 00092 00103 00095 00080 00079 00082 00088
131-140 00090 00079 00094 00082 00074 00075 00072 00093 00076 00077
141.150 00074 Q0088 00087 00070 00074 00076 00074 00077 00084 00073
151-160 00070 00067 00080 00079 00072 00070 00075 00075 00068 00068
161-170 00065 00070 00072 00073 00070 00070 00073 00079 00067 00060
171-180 00066 00051 00058 00075 00056 00059 00073 00061 00064 00058
181-190 00055 00056 00047 00052 00059 00046 00064 00037 00049 00049
191-200 00056 00050 00050 00045 Q0045 00047 00060 00048 00052 00050
201-210 00053 00036 00043 00044 000L9 00043 00049 00042 00040 00041
211-220 00037 00039 00033 00044 00034 00037 00030 00035 00041 00035
221-230 00031 00024 00030 00036 00035 00038 00043 00038 00032 000LL
231240 00035 00035 00037 00028 00033 00027 00036 00030 00034 00030
241250 00027 00026 00032 00024 00033 00025 00028 00032 00033 00029
251-260 00017 00026 00019 00023 00022 00032 00032 00032 00027 00020
261-270 00025 00022 00023 00024 00015 00020 00019 00020 00029 00028
271-280 00017 00020 00016 00019 00025 00018 00029 00029 00026 00023
281-290 00022 00015 00023 00020 00022 00015 00017 00020 00017 00018
291-300 00018 00017 00017 00020 00017 00019 00021 00018 00014 00016
301-310 00024 00014 00014 00013 00017 00021 00023 00015 00015 00006
311-320 00016 00019 00014 00016 00014 00016 00020 00012 C00LL 00015
321=330 00008 00015 00010 00009 00015 00017 00014 00008 00008 00010
331340 00010 00009 00011 00015 00014 00012 00012 00009 00010 00010




