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1. Introduction

Neutron activation analysis (NAA) has been widely used in the
determination of the composition of a variety of materials. A large body
of reference literature exists with large additions being made annually.

Of interest in this work is the literature dealing with activation analysis
uéed to determine 180 in samples of distilled water, sugars, organic
materials, as well as inorganic materials (2,3,5,6).

Oxygen—18 is used as a stable 1lsotope tracer to follow the mechanics
of various enzymatic reactions involving several sugars (1), to study the
hydrolysis of a considerable number of organic esters of inorganic oxyacids
(5), and to study the hydrolysis of amides (6). So, the importance of this
stable isotope has created the need for rapid and nondestructive analytical

techniques.

1.1 Other Methods for Determining 180

The importance of oxygen-18 as a tracer for oxygen in various fields
of research created the need for suitable amalytical techniques. The
common method of determing 180 content is by mass spectrometry (4,8), but
radioactivation techniques have been tried as well (2,3,26,28,29).
Although mass spectrometry is a very sensitive high precision method the
destruction of samples is sometimes of great concern. It frequently happens
that other methods are preferred even though they are less accurate and
sensitive than mass spectrometry. Density measurement techniques {27) have
been used to determine 180. However, the difficulties of sample preparation
and the need for relatively large samples limit the userpf this procedure
in most tracer experiments. Also density measurement técpniques are des-

tructive. A brief description of some methods is given below.



1.1.1 Mass Spectrometry

Analysis for 180 has been performed mainly by one of two methods which
involve combined mass spectrometric techniques: the classical combustion
train-isotope ratio technique (8) and gas-chromatographic quadrupole mass
spectrometry (4). Basically, a mass spectrometer is a quantitative and
qualitative analyzer for most components in all types of samples - gas,
1iquid, or solid, but with some volatility limitations. A complete analysis
is obtained from submicrogram samples in a few seconds or minutes. The
range is from ppm or ppb to 100 percent purity; accuracy is generally * 1%;
the specificity is good. The instruments are moderately complex and costly.
Particular disadvantages are the need to isolate the oxygen of sample as
a simple gas, e.g., CO or 002 for water samples, prior to mass analysis,
requires complex vacuum apparatus as well as complicated gas collecting
devices resulting in a relatively long procedure and the complete destruction

of the sample analyzed.

1.1.2 Activation Analysis

Activation analysis is a competitive alternative to mass spectrometry
or density measurements. The activation methods are non-destructive, by
nature, as well as rapid, sensitive and versatile.

-In generél, analysis of 180 is carried out by measuring the activity
induced after bombardment by neutrons or other sub-atomic particles. Some
radiocactivation methods used to determine 180 are: _

a) Y detecting from the reaction 180(u,nY) ZlNe (28).

o - Particles accelerated in a cyclotron to an energy of 4.6 MeV are
used. The 180.concentration is determined from the Y-ray spectrometry

(EY = 350 keV) emitted by the excited 21Ne nucleus. The absolute sensitivity



of the method is about 10_9g for 180. 0f great concern is the backing

material as well as the kind of sample to be analyzed because of possible
Y-ray interference of competitive y~energies.
b) B and Yy detecting from the reaction 180(p,n)18F {2,30).

18

The " F nuclei formed in this reaction are B+ emitters and have a decay

period of 110 min. A measure of ;he 0.511 -MeV annihilation radiation from

18 1

F yields a measure of the 80 (2) (detection by an assembly of NaI(Tl)

detectors), or as a result of many hours of tracing the decay of the activity

of 18

F with a beta counter (Geiger-Muller counter) (30) or an autoradiography
where beta emission is measured by the blackening of photographic emulsions
{30). To avoid possible interferences from the reactions 160(?,&)13N and

13C(P,n)lBN (T = 10 min) a storage of two hours is required. Also the

1/2
B+ is interferred with by other radioisotopesAthat vield a 511 keV annihilation
peak. However, the method is comparable in accuracy to mass spectrometry and
it can be used to analyze water samples as small as 1.5 ul.

¢) Counting of delayed neutrons of Nitrogen-17 (26).

Neutron counting of 4.l4-second Nitrogen-17 is used for the analysis
of 180 in solutions containing known of amounts lithium-6. 17N is produced
by the successive nuclear reactions 6Li(n,u)t; 180(t,a)17ﬂ upon irradiation
with thermal neutrons. The total delayed neutron emission of a sample
irradiated to saturation at a thermal neutron flux of 1013n/cm3 sec is

17N formation

about 4 x 105 neutrons per mg of 6Li per atom percent 180. The
is proportional to the atom fraction of 180 and is independent of the sample
size. This method requires access to large thermal neutron fluxes; also,
the dilution of 6Li and 180 sample is required. Of great concern are: the
possible interference of reactions produced with fast neutrons, the need for

a rapid transfer system, and the use of an assembly of BlOF3 neutron counters



and associated electronics. The method is excellent in that it shows high
specificity and can measure 180 in very small samples.

d) Thermal neutron activation analysis.

The purpose of this work was to develop a NAA technique, using thermal
neutrons, to analyze samples having 180 as a constituent. The NAA method is
limited because the activation cross section for the reaction 180(n,Y)190
and the abundance of 180 are both-low; 0.21 mb, and 0.204%, respectively. Of

%0, 26.9 seconds,

great concern also is the relatively short half life of .
which requires a fast transfer system. This work was mainly oriented
toward the solution of such problems, with emphasis of the use of a simple
manual transport method.

In order to understand better the steps performed in this work, a basic

formulation on NAA is given. More detailed information can be found, for

example, in references (9,10).

2 Basic Standard Comparator Technique in Neutron Activation Analysis

NAA is a procedure in which a sample is exposed to a flux of neutrons
and by neutron absorption the sample becomes radiocactive. For such
nuclear reactions the activityrof the product nuclide is directly propor-
tional to the number of atoms of the parent nuclide; this activity can be
used to calculate the amount of the parent which was originally in the
sample being studied.

The rate of change of the product nuclei, ﬁ, is described by

N = N 0 - AN, (2.1)
where

N = rate of change of the number of product nuclei N,

No = number of parent nuclei,



O = microscopic cross section for the reaction under considerationm,
$ = irradiation neutron flux,
A = decay constant of the product nuclei.

The solution to equation 2.1 is

-lto
Ao = Nocé(l—e ), (2.2)

where

>
"

activity of the product at end of irradiation,

r+
n

irradiation time,

irradiation flux.
The activity after an elapsed time t:e from the end of the irradiation would
then be A, where
-hte
A=A e 3 (2.3)
o

The standard comparator method of radiocactivation analysis is based on
simultaneous analysis of a standard sample of known composition (the "known'
sample) and a sample of unknown composition (the "unknown" sample) for the
desired element in which both samples are treated identically. Under such
conditions there are several common parameters such as the irradiation

times, the half-lives and the reaction cross sections; then, for the un-

known and known samples,

—Atou
Abu Nucﬁ¢u(l—e )
A -At ’ (2.4
ok N 0 ¢ (1-e ok)
k'k'k
where
N = number of parent nuclei {No), i

to = firradiation time.



Then, for equal irradiation times and cross section, the number of

target atoms of the unknown sample is given by

¢, A
- k “ou
Nu Nk Eﬂ-z—— 3 (2.5)

where all the activities have been normalized to a unit mass. The subscripts
u and k denote values for the unknown and known samples, respectively. 1In
this method, however, equal conditions of sample and comparator must be
carefully maintained. Both must be prepared so that they both experience
identical irradiation under the same flux conditions. To achieve these con-
ditions it is necessary to use a suitable fluence monitor. Each known and
unknown sample must be irradiated with a fluence monitor which serves to
normalize all the samples to identical irradiation conditions. Thus, from
equation 2.2, the neutron flux can be calculated as follows

A -A .t
of f
N o (l1-e ) (2.6)

of £

o=

where the parameters, were defined below Eq. 2.2, are for data for the

fluence monitor used.
Therefore, Equations 2.5 and 2.6, can be used to find the number of

target nuclide, Nu, of the unknown sample as follows:

A A
ofk ou
Nu = Nk A A s i (2. 7)
ofu "ok

where Ao is the activity per unit mass and the subscript f refers to the

fluence monitors for the unknown (u) and known (k) samples, respectively.
The most common procedure in NAA is to measure the gamma radiation

-associlated with the activity A. Since most samples contain several types

of parent nuclei, the high resoution Germanium (Lithium-drifted) detector



has been widely used because it can differentiate between 20 to 100's
electronvolts for different gamma-ray energiles.

Gamma-ray spectrometry is discussed by wmany authors (9,17,18,19,20)
and will not be covered in this work. Among the different modes of gamma-
ray interaction with matter, the photoelectric and the Compton processes
are of special interest. The total area under the photopeak is directly
proportional to the weight of the element from which radiation is produced;
thus, the photoelectric process is used to identify and quantify a given
radionuclide. The presence of the Compton scattering continuum limits the
measurement of the photopeak. It is considered as an undesirable background
in the measurement of photopeaks, especially for photopeaks of low energy.

Basically equation 2.7 was used throughout this work. However, gamma
radiation detection introduces a new parameter to be taken in consideration.
Efficiency and geometric considerations, which are functions of the gamma-
ray energy, are most inportant. However, in the comparator method they
must cancel and equation 2.7 is ultimately adequate for calculations.

Appendix A gives a more detailed formulation of the development of equation 2.7.

3. Description of Experimental Apparatus

The Kansas State University TRIGA Mark IJ nuclear reactor was the
source of thermal neutrons for this work. Thermal neutron flux levels at
several locations are shown in Table 3.1. Slight variations in these flux
values would be possible, but order of magnitude differences would be
unlikely. »

The irradiation position throughout this work was the rotary specimen
rack (RSR) of the TRIGA reactor. The RSR is a ring of sample holders which
can be rotated around the core. Access to the RSR is proVided by an

aluminum tube which extends from the top of the reactor to the RSR.



Table 3.1

Thermal Neutron Flux Values for the TRIGA Mark II Nuclear Reactor
Operating at 250 kW (7).

Irradiation Fuel-element Fuel-element Reactor Pool
Position RSR Ring D Ring F Qutside Reflector
Neutron Flux

1.8 x 100  4.9x10% 4.3 x 10%? 6.8 x 10%1

(n/em2 sec)

To satisfy the requirements of a fixed position for irradiation, an RSR
irradiation vial was modified. This modification consisted of filling the
vial with paraffin wax, then five holes were drilled in the wax, as shown in
Fig. 3.1. The center hole, 15/32 inch diameter (1.19 cm) and 1.25 inches
(3.175 cm) depth, was large encugh to hold the polyethylene vial where samples
are to be handled. The other four holes, 0.125 inches (0.3175 cm) diameter
and 0.5 inch (1.27 cm) depth, were drilled around the center hole and
separated from each other by approximately 90°. These holes held the iron
wires, which were used as fluence monitors.

A Canberra coaxially drifted Ge(Li) semiconductor detector model 7227
(37.5 mm dia., and 22.5 mm length) was used for gamma-ray detection. This
detector was located within the reactor bay. A Canberra, model 970, FET-

=

cooled preamplifier coupled directly to the Ge(Li), was used to couple the
detector through a long cable to the main amplifier, an ORTEC model 451.
The main amplifier was coupled directly to a Northern Scientific analog-
to-digital converter, model NS-636, and its associated multichannel analyzer
equipment. Data were then transferred and stored on magnetic tape, through
the Northern Scientific, model NS-408. Often a Nova 1220 minicomputer, from
Data General Corporation, was used to control the electronic system.

To reduce the background interferences when counting, a lead wall was

placed between the detector and the reactor. This shielding, inverted-L
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"

3/

1
{
|+—3 f4"——|-1 !2'v'-l

Fig. 3.1 Modified RSR irradiation vial,



10

in shape, was 8 inches (20.32 cm) thick and 30 inches (76.2 cm) high. The
relative position in the reactor bay of this assembly was at the southwest
corner at approximately 10 feet (3m) from the concrete wall shield of the
reactor (see Fig. 3.2).

A plexiglass device was also constructed to provide accurate positioning
of the samples above the Ge(Li) detector so that consistent counting geometry
could be maintained throughout the experiment. Figure 3.3 is an illustra-
tion of the irradiation vials used in this work (7/16 inch (1.1l cm) outside
diameter and one inch long). Figufe 3.4 is a diagram of the plexiglass
holding device used to maintain constant counting geometry with respect
to the Ge(Li) detector.

An IBM 370/158 digital computer was used in processing the data for

this work.

4. Experimental

4.1 Preliminary Investigations

Several preliminary experiments were performed with the purpose of
gaining information that could be used in the final analyses.

The relatively short-lived radicisctope product 190 and the low
thermal activation cross section of the parent 180 were of paramount
importance because of possible interferences from other activated products.
Data about nuclides of interest are included in Figure 4.1. Short irra-
diation times (usually about 2 minutes at 250 kW) for complex samples were

190.

preferred to reduce interferences with the 197 Kev gamma-ray from
Also, several tests were developed for a simple and quick manual method

for transporting samples after irradiation.
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Previous work was reported to have irradiated sugar (samples)-
water (references) pairs by manually transporting the samples. This
procedure was repeated in order to record the transporting and cooling
times before counting. The recorded times for six sets of samples varied
from 30 seconds (the best time) to 3 minutes. The average was approximately
2 minutes. For each recorded time the following steps were performed:
a) after completing the irradiation, the irradiation vial was taken from
the RSR, b) both unknown and reference samples were removed from the
irradiation vial while the samples were being manually transported from
the top of the reactor to the NAA laboratory (for the case with the Ge(Li)
detector in its normal laboratory location), c¢) at the same time, the
iron wire fluence monitor for the unknown sample was removed,‘d) the
sample was placed on the Ge(Li) detector, e) a spectrum was accumulated
for 30 seconds, f) after accumulating the spectrum for the first sample,
the sample was removed, g) the reference sample was placed on the Ge(Li)
detector, and h) the spectrum for the reference was accummulated for 30
seconds.

Although these steps {(except for the extreme hurry involved in this
work) are the normal steps to follow in the comparator technique in NAA,
it is easy to understand their limitations when a short-lived radioisotope,
as 190, is to be analyzed. Therefore, this proceduye was considered as
impractical because of the slowness of the procedure. It just required
too many factors for good control. Further the times recorded justified
the decision that a faster method was needed and one in which fewer number

of steps were required would be desirable,



15

0 26,8 sec

1.37 Mey
,0.197 MeV
19
oF
(a)
56yn  2.576 h |
162 | [E,
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E
.
E,= 3.37 MeV (15%)
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Eg= 2.11 MeV (97%)
L 4
E,= 1.81 MeV (98%)
E = 0.847 MeV (100%)
Eg= 0.847 MeV
56
26Fe

(b)

Figure 4.1 Simplified decay schemes for (a) 190 and (b)56Mn (16).
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Several methods were suggested, and the following were considered and/or
testéd (see Table 4.1):

a) An automatic system for transferring samples from the irradiation
source to the radiation detector system. Although this method would be
best - the most efficient and quickest - it might involve seﬁeral technical
problems in design and construction due to building design, and safety
regulations, for example. This method was considered to be beyond the scope
of this work.

b) Another method tested was the use of a small basket for transporting
the irradiation vial from the top of the reactor down to an exit door in
the path way to the NAA laboratory, the normal site of the counting system.
The basket was attached to a cord tied at both ends, at the top of the
reactor and near the door to the NAA laboratory. The basket was allowed to
fall by gravity. However, due to the speed gained when the basket slid down
the cord, problems of handling the irradiation vials were typical. Most of
the samples were lost from the impact and the iron wires were confused for
the two samples. Therefore, this was also anlimpractical procedure, and it
was eliminated.

c) After the failure or rejection of the methods described in a)
and b), it was decided that only 1mprovemént for more rapid transportation
could be obtained by moving the counting-analyzer system, or the counting
system only, to the reactor bay. This was the simplest method available

190

because typical cooling times of 15 seconds (about one half of an
half life) were obtained. Although the number of steps required in the
comparator technique were not reduced, there was enough "gain" in time

to allow for performing the experiment more efficiently.
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The sacrifices made with this method were the high background during
reactor operation and electronic noise caused by sources in the line voltages
(due to pumps of the reactor cooling system, air compressors, etc.). Also,
at least two people were required to perform the experiment; one at the
irradiation source and the other at the counting system. However, this was
the most feasible and simplest method, and was used successfully in this
work.

In Table 4.1 the most important results and data of experiments described

in this section are summarized.

4,2 Measurements for Record

All the irradiations were performed in the RSR (positions 1 or 2) of
the KSU-TRIGA reactor. Maximum power levels were desired in this work so
that irradiation times could be small enough to induce radioactivation in
the 180 while minimizing interferences from longer-lived radionuclides in

the sample.

4.2.1 Analyzed Samples

Most of the samples for analysis in this work consisted of matrices
of distilled water, afngructose, and af27G100658¢ However, several wheat
samples, alcohof—water_;ixtures, and otﬂ;; oxiﬁes were analyzed also.

The sugar samples were dried before irradiation for 24 h;;rs or
more at 50 °C. The water, wheat, alcohol, and oxide samples were not
treated in any way.

All samples werezcontained in the small polyethylene vials. All

vials were carefully cleaned before filling with samples. They were

washed with detergent (laboratory grade) and were chemically treated,
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consisting of immersing in nitric acid (1%) for 5 minutes or longer.
Rinse was performed with distilled water. After cleaning, plastic gloves
were used to handle the vials and to avoid any possible contamination.

Table 4.2 shows the approximate weights of typical samples.

Table 4.2 Typical Sample Weights.

Sample Weight (grams) Comments

0-D-Glucose 0.8 Purchased: Mallinckrodt

-~ Inc., (S5t. Louls, MO)
o~D-Fructose 0.8 Purchased: Fisher Scientific

- Co., (Falr Lawn, NJ)
Distilled Water 1.2
Alcohol-H,0 | 0.9 50% water-50% ethanol
Wheat 0.7-1.0
Oxides- .2

All weighing of samples and polyethylene vials was performed on a
Mettler balance with an accuracy of approximately * 0.0001 gm.
Often distilled water was used as the reference standard in this com-
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parator NAA work. The natural concentration of ~ 0 in HZO was assumed to

be 0.2047 (15).

4.2.2 The Neutron Fluence Monitor

Iron wire was chosen as a fluence monitor for this work principally for
two reasons. First, it was easy to manipulate, and second it did not require
a container,

56Mn was formed in sufficient quantity to observe good counting
statistics in the 0.86 Mev photopeak. The formation of the SGMn was due

principally to the (n,p) reaction with 56Fe.
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Each iron wire was approximately 1/64 inch (0.1588 cm) in diameter
and of analytical reagent grade. Two ways were used to place the iron
wires for monitoring the neutron flux near the samples. In one, the iron
wires were wrapped through the hinge of the cover of the polyethylene
irradiation vial. In this case, each iron wire was approximately 1.5 inches
{3.81 cm) long and 0.067 grams in weight. In the second case, the iron
wires were placed in quadruplicate, each one approximately 3/8 inches
(0.9525 cm) long and 0.009 grams in weight, at 90° positions around the
sample. In Fig, 3.1 the positions of the iron wires in the irradiation vial
for this later case are shown. The reasons for placing the iron wires were
a) easy and fast removal in the first case, and b) better flux monitoring

(fixed geometry) in the second case.

4.,2.3 Irradiation Conditions

The two different forms of using iron wires described in last reaction
corresponded to two different irradiation conditons, as well. In both cases
the typical irradiation time was two minutes and the reactor power level was

12 n/cm2 sec;, see Table 3.1) the maximum attainable.

about 225 kw (1.8 x 10
Before all the irradiations the reactor was brought to full power level. The
irradiation vial containing the sample(s) and the iron wire(s) was then in-
serted into the RSR. At the end of the irradiation time the capsule was
retrieved by a cord previously tied to it. After retrieving the capsule, it
was inserted into the counting system. |

Both operations were accomplished as quickly as possible. Two stop
watches were used; one to record the irradiation time, the other to
record the elapsed time between the end of an irradiation and the beginning

of counting the sample to accumulate the gamma-ray spectrum. The reactor

was not scrammed between individual irradiations of samples.
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The difference between the two irradiation schemes consisted of:

a) In the first the unknown (sugars) and the standard reference
(HZO) gamples were irradiated together to maintain comsistent irradiation
conditions. Since the radionuclide of interest, 190, was short-lived
(29 seconds), it was only feasible to irradiate one sample-reference pair
at one time. There were 20 glucose samples and 20 fructose samples along
with their respective reference HZO samples. There were approximately 15
and 50 seconds decay times for the unknown and the reference samples,
respectively. These times correspdnded approximately to a measurement of
time between the end of irradiation and the beginning of counting.

b) In the second irradiation conditions, a fixed geometry was the
typical consideration. In this case only one sample, unknown or reference,
was irradiated along with four iron wires (flux monitors). It was assumed
that the Iron wires could normalize the data to achieve conditions needed
for the comparator technique (see Theory, Section 2). Typical decay times
before counting were approximately 15 seconds. The iron wires were allowed
to decay for approximately an hour between the end of irradiation of samples

and the beginning of counting.

4.2.4 Counting Procedures

A Ge(Li) semiconductor detector was used for the counting of all samples.
Additional details on the equipment can be found in the "Description of
Apparatus,” Sectidn 3. Data for a particular sample spectrum were, in general,
accumulated in 1024 channels configuration of the multichannel analyzer.
The analyzer dead time was never greater than 10%Z for any of the measure-
ments. The samples irradiated by pairs of unknown-reference were counted
for 32 "1live" seconds (i.e., the analyzer automatically corrects for
analysis time). For any other case, including data for iron wires, a

counting time of 60 "live" seconds, was the standard time.
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Because the gamma—ray‘energy of interest was only 197 keV, ampiifi—
cation gains in the spectroscopy amplifier were set so that 197 keV
corresponded approximately to channel 200. However, such amplifications
gains were somewhat variable due to the use of the long coaxial cable
.betweeh the Ge(L1i) counting and the analyzer.

A Nova computer code was developed to be used for automatic control
of the analyzer and the magnetic tape units, With the Nova, the following
consecutive steps were performed: a) start the accumulating in PHA-add
mode for the previously selected time, b) deposit data on magnetic tape,
¢) increment tag word for recording the next spectrum, and d) erase the
analyzer memory. The starting of the cycle was performed externally by a
push-button control at the Ge(Li) system.

Because of the importance of counting geometry in the comparator
technique of NAA, the special sample holder of plexiglass was constructed.
(See Fig. 3.4). The device was placed directly on the top of the Ge(L1i)
detector. The principal characteristic is the center hole, 15/32 inch
{(1.1906 cm) diameter, which provided accurate positioning of samples, so
that unknown and reference samples were approximately of equal cylindrical
volume sources of irradiation. Similar sample containers were also used
to count iron wires at same position. The detector was partially surrounded
by a lead shield to reduce background interference.

A normal procedure in NAA before counting is to transfer samples to
previously weighed, nonirradiated polyethylene vials. In this work, it
was not possible to perform this step because of the short half-life of
190, and interference background from external contamination for the

irradiated vials was possible.
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5. Analysis of Results

This work for detefmining the 18

0 was developed primarily to provide

a easy method of measuring the concentration of 180 in sugars, in connection
with tracer studies of the mechanism of reactions in the sugar series

(1}). Before other biological samples of unknown 180 content, as wheat for
example, could be processed, the precision and accuracy of the thermal NAA
method was investigated by calculating the molecular ratio of sugar
(0-D-Glucose and 0-D-Fructose) to distilled water (standard reference) of

180 levels.

5.1 Experimental Results Without Fixed Geometry Conditions

Within the conditions of the comparator technique in NAA, two sets
of twenty pairs, sugar-water samples, were irradiated and analyzed (see
Table 5.1). More information on samples, irradiation, and counting
procedures can be found in "Measurements for Records" section of this
work.,

The area under the desired photopeak was calculated by the Grego;y's
formula of numerical integration which is based on a finite difference
technique (13). More information is found in Appendix B.

In Table 5.1 the analysis performed for the two sets of sugar
samples is shown. The mole ratio of oxygen in sugar was determined on the

basis of equation 2.7 by use of the following expression:

A* {sugar)
. _ __A¥ (Fe sugar) Mol. weight (sugar)
MEle gaplss A* (water) % Mo1. weight (HZO) 4 (5.1)

A* (Fe Water)



ILLEGIBLE
DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
- COPY AVAILABLE



24

TAALE 5.1 FATIO OF AZTIVITY OF Sy f T o lSTELLEY wATER {59-200L ¢ BASIS)Y
FAGH 5A0L2 HAS ITS 00y RECENENCE e MU FLIXREO-GEAETTY DUMING
COmTYn M IRRAOEATL G,

SAMPLE EXPECTE) CoDasERYID RINEVIC r

AALF AT NELE 9T L IPLECR i b

SLUCDST S, &) 6el b, 36 | 1.215) 8 1,903 6. l0 1 D229 -45.937
GLUCNSE S04 31 ¢3l 4,433  { J.157) L2 FelL2 1 JWlHT) Slaunt
GCLILIISE  Sa# UL Al 8. 171 | 3, 3us) Laun3 e 274 L WUa321) -hg 509
GLUCISE  S.4 Dl Gl G286 1.201) Ld03 baoAl U da214) -11.3%3
GLYGSE  S.4 =1 a3l 4.426 | Jelo)) Leduld 2704 U J.159) 21 .53
GLUCISE  S.4 FL bl T819 ( Dd.2611 1.063 3,312t 0.277) -30,4832
GLUGL ST Sa0 ul il HaB1L ).211) Ledod el 1 022410 -15%.2351
GLUCREER  Sod o] arl S5.679 | Yo 170) lednd b 32 L .19 =J«h10
HLUCOSE Saa TL 611 S5 WUNNES SRR VIR R | leubhd GeR2y 1 QL2211 -15.130
SLUZLSS  S.4 J1 &3l BeB15 1 J.227) 1 oudld e 324 D 244%) =15.431
GLUENSE  Sed xl 53l Seq32 | Da1l9) 1en3 5. 795 1 0.190) 3,418
GLIJILSSY  f.4 L1 631 6,253 | J.202}) | RPVT7R B.ley 1 0,215) “12.012
CLUCISE Sof 1 62l S.414 1451 Ledad S.T5% 1 Jalid) +sd31]
GLUEI3E  Sad 4l hel a3 L J.239) 1edo Fodon 0 D218 2213
Geuldst S.e Ll 6l f:216 Ja19) 1adb3 a1l JL20TH =1Jd.1 176
SLUCHNSE  S.i Pl bl S5.902 | Yol i) 1o} 6309 1 V.27 -3 a7
GLUC J87 S.8 1] o3l ea26d V.19 7) | D LY bedt3d U W.2)N) =11 .62
GLUCNST  S.48 "1 nHil 5,619 | o LT%3) 1eJd03 S073 1 J.l55) J.4a51
LLIF ST 5.4 5 Aol 40591 1 Jal ) 1.7243 4.1 1 delnold 19550
GLUCUSEE  S.# T1 il 5,996 (. Jul 12} Laudld Aedle U Q2020 ~M a3
AVERA GO = ARaOnd  ( JaU%6G) H,TL 1 d.03%) ‘ R FL

FROCcTroe, 34 1 TR ] S.5070 | 1a223) 1.0A3 G.3%6 L Je2LA) 2eh2b
FOULTRNE,y S4 3 63l Sa31h 0 D2.14%) 1.002 5,332 € 2.1%R) t1.137
FRUCIYSFe 54 3 6l Aa&Al 4 Jal%d) 1,063 G329 I DS T) LioahTt
FRICTOE, Se T Ot Aattha U 1}.229) 102 T 1 e 243 ~19,u72
FxIMTss, Sid © 4l S.505 Ja2 2] 1302 Ua1s ot N.212) 1.408
Fauciuss, 54 L1 Ll 5,049 L Jd.001) letin2 9.84% 1 delAn) lu.799
TRUCTISE, 34 13 6:1 houd5 L J.239) 1.002 Tod53 (0 0.245) ~L7T.3%0
Fialp, 157, 89 15 61 1.A90  3.2713) L2 g.175  Je2il} =3 4202
Fuleriss, sd¢ U7 nel Ta3Th [ Da24b) 1.3 el [ Qa30%) =41 .34%
FAUCTISZ, ST L7 ail S.942 | J. 1310 1eunnd Sad L N1 -6, 3193
FFRufT 15, S4 21 61 4.3%9 o .12 Taltd .01 U 11371 PERYDE]
FRULTIRS,y 34 23 h:l 5,179 1 1.213) 163 beund  0.22DN =G, 473
FUOUCT 35, S4 25 6l 5.92% | « 21 1063 6,301 la22%) -5,.023
EHTIoR, SH 29 63l Sebh9 | Jelbald 1,063 Auihds 1 0P UB) =2.077
regr {350, 54 31 Ail 2.0l 0 JuMH) 1,043 2043 0 D.013) H% .2 89
FuaghiF1ME, 5% 33 63l Seud { J.ldl) 1.9A03 S.T%% [ D199} 4a113
FRUCIGSE, 84 30 b:l 9.25¢ (0 J1.2)¥Y) 1,043 5.541 1 0,216} 54151
FRuUcTIsE, SH 37 el 6.331 L .21%) 1a46% 6.730  2.227) ~12.163
FRUCTNISE, SH 37 &6t 5.64% | 11917} Ladhd 6324 1 12.209) -5.394
AYERY LT 5.67T2 1 3.0%6) 6,222 [ (1,049) -0.%88

2 The values in parentheses are standard deviations.

b The error percentage 1s calculated by dividing the difference of the expected mole ratio and the corrected mole
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where the molecular weights are 180.16 and 18.015 for sugar and HZO’
respectively. The expected mole ratio, i.e., the theoretical value, is

6:1 calculated by the ratio of oxygen in the sugar (the chemical formula

is C6Hl206) to the oxygen in HZO' We assumed a natural occurrence of 180

in both cases. The ratio of sugar to water for 180 levels was expected
to be smaller than the desired value (16). Then the kinetic multiplier
of 1.063 was used to correct the experimental ratio, This kinetic effect

160 and 170 over 180 when .

was assumed to appear due to the preference of
sugars are being produced. The value 1.063 was calculated at 25 °C using

the following equation (1,5,22)

k) 1/2
—= = (m,/m,) {1+ G(u)hu] , (5.2>
2 2'71
where
kl :
- maximum isotope effect to be expected in the chemical kinetic
2

for the hypothetical process, C-0 -+ C+0,
m = reduced mass of the fragment,
u = hew/kT,

Ay = difference in the value of u for the two isotopic species,

G(u) function for which numerical values are available from tables (22),
h = Planck's constant,
¢ = velocity of light,

w = average value for the stretching frequency of the bonds of the

process,
k = Boltzmann's comnstant,

T = temperature.

The accuracy, or % of error, in Table 5.1 was calculated as follows:

Desired Value - Found Value
Desired Value

% Error = x 100 . (5.3)
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The precision or standard deviation of each measurement was calculated
via the comparator technique where common parameters in numerator and de~
nomiator are canceled (assuming as constants the neutron flux and N, as was
explained in Section 2). The main contributor is the error in the measurement
of the area under photopeak of interest. Detailed formulation can be found

in Appendix C.

5.2 Discussion of the Source of Errors

It is well recognized that any physical magnitude can never be measured
exactly, i.e., with no error. Progressively more elaborate experimental or
theoretical efforts result only in reducing the possible error of the deter-
mination. In reporting thg result of any measurement it is therefore
obligatory to specify also the probability that the result 1s in error by
some specific amount, since a gamble on relative correctness is always
involved in all physical determinations. The discussion of source of errors,
presented here, describes several types of error, including gross mistakes,
to determine the quality or reliability of data, particularly data of the
type encountered in the method presented in this work,

Several experiments were performed to discover the effect of the
following points as sources of errors:

a. Inadequate manipulation of samples

b. Incorrect weighing of samples and recording of time

c. Improper method of area calculation

d. Irregularities in position during irradiation and/or counting

e. Significant variations in the reactor power level during sample
irradiation

f. Instability of the electronic counting system
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Manipulation of Samples

Special care was taken during preparation of samples, as explained in
Section 4.2, "Analyzed Samples." However, most of the careful handling was
to avoid contamination of the samples. There were, however, some other
variations, sometimes out of control of the experimentor which might have
introduced errors in the measurements, Lose of material was observed in
some experiments due to the splitting of the sample vials (from impact
when the samples were dropped from the reactor top to be inserted into
the counting system). Considerable water was observed in RSR, so an increase
of radiocactive mass was also possible.

Because most of the samples were prepared one day before the irradiation
and stored at room temperature, some evaporation (principally in the water
samples énd very critically in the alcohol mixtures) could cause a decrease
of sample mass. In one water sample up to a 2% decrease of mass from the
time of preparation to next day 6 hours after irradiation was recorded; a
sample of water-alcohol mixture showed a 9.3% decrease during a similar
elapsed time. No change was observed in any of the sugar samples.

A final contributor of error could have been a possible pxygen exchange
with air during the preparation of the samples. This exchange might have
changed measurements of the oxygen fractionm.

The set of samples presented in Table 5.1 was then analyzed using a fixed
water reference sample for all groups of sugars and the other sets of
distilled water. Four water references, two from each group of sugars,
were selected to be the standard reference. They correspond to the glucose
samples, H1 and Ql, and to the fructose samples 9, and 23. Also a sample
of glucose (labeled Cl) and one of fructose (labeled 9) were used as standard

reference samples. Thelr respective group samples were compared. In
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Table 5.2 a summary of the results of these analyses is presented. A
considerable improvement with respect to results in Table 5.1 was observed
in the percentage error as well as the distribution of the percentage error.
These results confirmed that errors due to manipulation of sample were of

some importance.

Error Due to Incorrect Weighing of Samples and Recording of Time

In the standard comparator technique it is normal to consider the area
under the photopeak as the main contributor to the uncertainty of the
measurements of the activity of an activated sample. It is also considered
that the parameters related to time measurements can be very well determined.
The standard deviation of each individual mole ratio in Table 5.1 was cal-
culated considering the error in the area determination for each unknown
sample and it's reference sample as well as their respective fluence monitors.

However, as was pointed out in the introduction of this work, the
irradiation time and the decay time (or transfer time) were of concern, i.e.,

the difference in half-lives between lg0 (29.3 seec) and 56

result in the 56Mn not being sensitive enough to time variations. The

Mn (2.56 hr) might

possible variations in the uncertainty of the determination of an activity,
per unit mass, as a result of time variations were calculated. Fluctations
as large as 10%Z of the decay and irradiation times measurements and 5%

in counting time were considered in the calculation of the standard deviation
associated with the activity per unit mass. The general expression is

given:

* _ Area
R =K Mass

-Atd —Ati At -1
[e (1-e H@-e %1 , (5.1)

where K is a constant containing the over-all counting efficiency, the

isotopic abundance, the mass number, etc.,
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TABLE 5.2 Average Mole Ratios (gmw- wmole basis) for Experiment 4. Each sample was normalized for the
neutron fluence.

ACTUAL METHOD .1. METHOD 2 METHOD 3 No. of Meas.
MOLE b 2 10% error ¢
MATERIAL RATIO FOUND Z ERROR FOUND % ERROR FOUND Z ERROR 1 2 3
Group ld
Glucose 6 6.18 (0.06)% -2.9 6.47 (0,05 =-7.9 6.38 (0.06) 6.4 13 13 13
Fructose 6 5.87 (0.06) 2,1 6.03 (0,05) -0.,5 5.94 (0.06) 1.0 12 10 10
Group 2
Glucose . 6 6,10 (0.06) =1.7 6,31 (0.05) ~=5.1 5.88 (0.05) 2.0 6 10 5
Water(G) 1 1,01 (0.01) -0.5 0.98 (0,01) 1.3 0.93 (0.01) 6.7 7 9 8
Fructose. 6 5.66 (0.06) 5.7 6.40 (0.05) -6.7 5.72 (0.05) 4,6 8 10 7
Water(F) 1 1.00 (0.01) 0.01 1.09 (0.01) -9.9 0.99 (0.01) 0.7 i0 10 8
Group 3
Glucose 6 6,07 (0.05) -1.2 7.11 (0.05) -18.5 6,07 (0.05) -1.1 6 14 8
Water(G) 1 0.99 (0.01) 0.1 1.12 (0.01) -11.9 0.97 (0.01) 3,5 7 12 8
Fructose 6 5.63 (0.05) 6,2 7.22 (0.06) -20.3 5.91 (0.05) 1.5 9 19 4
Water(F) 1 0.99 (0.01) 0.5 1.24 (0,01) -23.9 1.03 (0.01) -2.5 10 16 8
Group 4
Glucose 6 6,87 (0,07) -14.5 6.10 (0.05) -1.7 6.32 (0.06) ~5.4 14 10 9
Water(G) 1 1.13 (0.01) -13.1 0.96 (0.01) 4.4 1.01 {0.01) =-0.8 i1 9 5
Fructose 6 6.37 (0.07) -6.2 6.19% (0.05) -3.3 6.16 (0.08) -2.6 8 7 &
Water(F) 1 1.13 (0.01) -13.3 1.07 (0,01) -6,7 1,07 {0.01) =7.1 13 9 9
Group 5
Glucose 6 6.25 (0,06} -4.2 6.22 (0,05 ~-3.6 6.02 (0.05 -0.3 g 10 6
Water (G) 1 1.03 (0.01) =-2.9 0.97 (0.01) 2.6 0.96 (0.01) 4.1 8 10 8
Fructose 6 5.78 (0.06) 3.4 6.31 (0.05) -5.2 5.86 (0.06) 2.3 7 &8 5
Water(F) 1 1,03 (0.01) =2.6 1.09 (0.01) -8.8 1.02 (0.01) -1.8 8 10 8
Group 6
Gluccse 1 0.91 (0.01) 8.7 0.91 (0.01) 8.9 0.91 (0.01) 8.7 9 11 7
Fructose 1 1.07 (0,01) <-7.4 1.05 (0.01) -5.0 1.08 (0.01) ~7.6 8 8 9

8areas under photopeaks calculated by: Method 1 = Graphical Method (GM} with fixed-minima for back-
ground subtraction
Method 2 = Gregory's equation with no background subtraction.
Method 3 = GM with variable-minima for background subtraction.

bThe. ertor percentage is calculated by dividing the difference of the actual mole ratio and the cal-
culated mole ratio by the actual mole ratio.

Cr'he number of individual measurements out of the total number of samples (20 glucoses and 19 fructoses)
of which the percentage error is 2 10%.

dThe groups are formed from the different standard references used:
Group 1 = each sample has its own water reference.
Group 2 = reference is the water sample H2 (glucose group).

Group 3 = reference is the water sample Q2 (glucose group).

Group 4 = reference water sample 10 (fructose group) .

Group 5 = reference water sample 24 (fructose group).

Group 6 = for glucoses the glucose sample Cl; for fructoses the fructose sample 9.

®The water samplés with (G) were used as references for the glucose samples.
t-'l‘he water samples with (F) were used as references for the fructose samples.

BThe values in parentheses are standard deviatioms.
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ty is the decay time,

ty is the irradiation time,

tc is the counting time.

The results of these calculations, see Appendix C, have shown net
differences in the standard deviation up to three times larger than the
same measurement with the standard deviation for the area alone. The main
contributor is the 10% variation in the decay time. If a 10% variation in
mass occurs, the difference could be as large as 5 times, especially for
photopeaks which are not well-defined (low counting statistics). For the
iron wires there were differences as large as 10 times, when similar
calculations were performed. For this work, it must be noted that variations

as large as mentioned above were never observed except for the mass as

was explained.

Method of Area Calculation

As was earlier mentioned, the area under the photopeak of the gamma-ray
spectrum associated with the activity of the sample being analyzed is
directly proportional to the weight of the desired element in sample. There-
fore, the correct determination of the area is a very important step in the
analysis, so much so that special works have been reported by several
researchers (9,11,12,21). Most of these methods were developed for
gamma-ray spectra obtained with a NaI(Tl) detector system which exhibits
a principal characteristic of a large number of éhannels to define any
photopeak, i.e., poor energy resolution compared to Ge(Li). For a high
resolution Ge(Li) system, a few channels are required to define similar
photopeaks. Methods in the first case include simple graphical stripping

to a more sophisticated "smoothing" of data using the facilities of a
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large digital computer. Although subjectivity is always present in the
analysis, these methods have proved to be satisfactory, especially for
the gamma-~ray spectra that show well-resolved photopeaks. All methods
can use spectra from Ge(Li) systems; however it was felt that sophis-
ticated methods (24,25) should not necessarily give a considerable improve-
ment when compared to the simpler graphical method because of the few 7
channels that define the photopeak. The graphical method is introduced
in Appendix B of this work.,

Analysis of the same samples as presented in Table 5.1 was performed
using Gregory's equation, see Appendix B, for the area calculation.
For this method it was assumed that for well-resolved full-energy peaks, in
which the Compton continuum is reasonably flat, the area under the top six
channels around the maximum defines a fixed fraction of the total area
of photopeak and is constant for spectra of similar samples (unknown and
reference samples). This last assumption could not be completely ful-
filled, in particular for the reference water samples, where fluctations
in mass and irradiation and counting times might produce considerable variations
in the number of counts in the desired photopeak. Because it is necessary to
determine how much of a given photopeak is actually due to photoelectric
events of gamma-rays and how much is due to the Compton effect, the sub-
traction of the later portion of the area under the peak from the total
area is the usual practice (9,11,12,21). 1In Gregory's method that
subtraction was not performed. Then, two different approaches were used,
explained below and in Appendix B.

In these two methods as well as in Gregory's method, the response of
the pulse-height analyzer is representated graphically as rectangles whose

areas are proportional to the number of counts in the channels. 1In the two
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new ﬁethods, for "background” subtraction, a baseline extrapolated between
the valleys adjacent to the photopeak was estimated. Among several

possible ways to estimate the baseline, a straight line between the minima
is the simplest, though not necessarily the best. However, that is the one
that was used for both methods. The difference between both methods is the
way of finding the minimum on each side of the peak. In one method the
minima are the fourth channel before and after the channel corresponding the
maximum number of counts of the peak. In the other method both minima are
chosen as follows: for a peak with a maximum in channel "n", for the left
minimum, the average value of the content from channels n-10 to channel

n-2 is calculated. The minimum is chosen as "Cg" for which

n~2 n-2 1/2
c,< I ¢ +CJ§ ¢c) . (5.2a)
b= yem-10 ¥ gep-10 1

For the right side, the average value is calculated from channel nt+2

to channel n+10. The minimum is chosen as “Cr" for which

c.2 LI ¢ +( ] c T . (5.2b)
j=n+2 j=n+2

More details are given in Appendix B. The effective area under the photo-
peak is then calculated as the sum of the counts of channel between minima
(inclusive). The estimated background is subtracted by averaging three
adjacent channels on both minima (two before the left minimum and the left
minimum; two after the right minimum and minimum). The baseline (back-
found) may be calculated, subjectively, with a considerable variation. When
the photopeak is clearly defined, the fractional error in the photopeak
area may be quite small because the background is small compared to the

photopeak. The error becomes more significant as the mixture of radio-
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nuclides increases and the lower energy peaks represent increasingly smaller
fractions of the total céunts in the photopeak.

The data in Table 5.1 were analyzed using these two methods. Results
are summarized in Table 5.2, Thus it is possible to compare the results
from the three methods.

Table 5.2 is a summary of average results of the calculated molecular
ratios and the associate perce#tage-error. Columns 8, 9, and 10 represent
the spread of the percentage error of individual measurements which are
equal to or greater than 10%Z. The first two lines are the average values
of Table 5.1 by the different area-methods.

From Table 5.2 it can be seen that a particular set of samples is
better defined by either selecting one method of area calculation and/or
a specific standard reference, see for example lines one and three where
Glucose samples favor using the method of fixed minimum for area calculation
and a fixed standard reference. The situation can be reversed for other
methods of area calculation or other references, see lines eleven and fourteen
where Gregory's method gives the better results.

When samples and references are identical either method of area calculation
can be used, see 11ne§ nineteen and twenty,

The main difference between those methods is in the distribution of
percentage error of individual samples. From this point of view
Gregory's method proved to be unsuccessful while the variable minimum -
finding method was the most adequate. Posterilor studies determined that
Gregory's method seemea to be the least appropriate method in this work,
see sucessive Tables 5.3 to 5.6, Under low statistics (poorly defined
peaks), Gregory's equation overestimates the evaluation of peaks,
probably because the method does not subtract for the background and some

points of the background are included in the true area.
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Geometry During_ltrad1§tion and Counting

The results given in Tables 5.1 and 5.2 were obtained while trying-
to keep the transfer time as small as possible and trying to treat the
unknown and reference sample in similar fashion. The position of the samples
and fluence monitors were uncertain resulting in a great possibility of
errors. Iron wires were wrapped around the hinge of the polyethylene vial
instead of wrapped around the center of such a vial.

It was felt that the fluence monitor did not normalize the data to the
neutron flux to which the sample was exposed. Hence a considerable error
in the analysis of data was introduced.

Although the geometric position for counting samples is important in
the comparator technique, it was not as critical as the position for irra-
dation. However 1£ was decided to keep the sample vial fixed with respect
to the reactor core during irradiation and the Ge(Li) detector during
counting, for subsequent experiments (see the description of irradiation
and counting conditions for fix-geometry in Section 3, "Description of
Apparatus"). |

To study the effect that these iron wires could have on the analysis,
a simple analysis was performed, and the results are given in Table 5.3.
Thus, the same set of data was analyzed considering the neutron flux as
constant. Also, the same analysis was performed assuming no normalization
for neutron flux. In Table 5.3, notice there is a considerable improvemént
in the fluctuation of the percentage error for individual samples (see
columns eight to ten). There was no noticeable change in the average per-
centage errors, however, the values tend to be more in accord with the expected
lower concentration of 180 in sugar than in water (positive percentage
error predominates the results given in Table 5.3 compared to the observed

negative tendency of the results givem in Table 5.1).
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TABLE 5.4 Average Mole Ratios (gm- mole basis) for Experiment 5,

Part A! Each sample normalized for the neutron fluence.

ACTUAL METHOD 1 METHOD 2 METHOD 3 No. of Meas.
MOLE > 10% error

MATERIAL RATIO FOUND X ERROR FOUND % ERROR FOUND X ERROR I 2 3
Group 1d

Fructose 6 7.0 (0.70) ~16.6 7.88 (0.43) -31.3 7.00 (0.60) ~16.5 3 3 3

Glucose 6 9.86 (0.84) -64.3h 9.67 (0.47) =-61.2 11.86 (0.93) -97.6 4 3 4

CaCO3 3 B6,97(13.65) Hikdk 698,70(59.70) **k%x  371,80(52,90) ik 3 3 3

Water (L2) 1 0.73 (0.11) 26.9 0.87 (0.08) 13.2 0.68 (0.08) 13l1.6 1 1 1

CalPO, 4 14,6 (2.00) ‘kakkk 152,44(11.93) Adkkk 9.26 (1.22) hkik 1 1 1
Group 2

Fructose 6 9.58 (0.94) -59.7 9.08 (0.49) -51.3 10.22 (0.84) =70.3 3 3 3

- Glucose 6 13.5 (1.10) kkkkk 11.10 (0.50) -85.7 17.34 (1,32) edkkk 5 4 5

CaCo0, 3 120,646(18,13) hadnk 804.74(67,37) *xkkk 543 ,53(74,8 ) HhArk 3 3 3

Water (K2) 1 1,37 (0.19) -36.9 1.15 (0.10) =-15.2 1.46 (0,18) -46.2 1 1 1

CaHPO, 4 19,94 (2.62) Akkak 175.58(13.31) #*&%% 13.52 (1.70) kdokex 1 1 1
Group 3

Fructose 1 0.74 (0.10) 26.1 0.83 (0.06) 17.2 0.85 (1.00) 15,0 1 2 2

1 1.6 1.14 (0.07) =-13.5 1.32 (0.15) -32.4 4 3 2

Glucose 0.98 (0.11)

Part B: Samples not normalized for neutron fluence.

Group 1
Fructose 6 5.86 (0.23) 2.3 8.83 (0.19) -47.2 6.22 (0.23) -3,6 2 3 2
Glucose 6 8.09 (0.22) -34.9 10.06 (0,16) =67.6 8,82 (0.23) -46.9 5 5 5
VCaCOS 3 13.13 (0.57) deddkk 98.02 (1.56) H¥kkk 29,73 (0.93) ekkkxk 3 3 3
Water{L2) 1 1.08 (0.05) =-7.9 1.16 (0.04) -15.6 1.06 (0.05) -6.1 o 1 o0
CaHPO,, 4 15.95 (1.11) ki 138.29 (3.56) Rakix 9.09 (0.77) ki 1 1 1

Group 2
Pructose 6 5.44 (0.21) 9.4 7.64 (0,16) =27.3 5.86 (0,22) 2.4 3 2 2
Glucose 6 7.80 (0.50) -25.1 8,70 (0,14) =45,0 8.31 (0.21) -38.5 4 5 3
Caco4 3 12,18 (0.53) ‘hdkkk 84,80 (1.3 ) ki 28.02 (0,88) wikkkx 3 3 3
Water(X2) 1 0.93 (0.05) 7.3 0.87 (0.03) 13.5 0.94 (0,05) 5.8 ¢ 1 0
CaHPO, 4 24,79 (1.03) ki 119.64 (2,99) *&x&% 8,57 (0.72) *hwkx 1 1 1

CGroup 3
Fructose 1 0.60 (0.03) 39.8 0.79 (0.02) 20.4 0.67 (0.04) 33.4 2 1 2
Glucose 1 0.93 (0.03) 7.1 1.06 (0.02) -6.0 1.33 (0.04) -32.6 2 1 3

For explanations see footnotes in Table 5.2,

d'l‘he standard references used are:
Group 1 = sample of distilled water KI.
Group 2 = water sample L2.
Group 3 = plucose G2 for gluconses; fructose B2 for fructoses.
There were 3 fructoses, 6 glucoses, 3 CaCOB. 2 water samples, and 1 CaHPOA in each group.

hMore than hundred percent.
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TABLE 5.5 Average Mole Ratios (gm- mole basis) for Experiment Sa.

Part A: Each sample normalized for the neutron fluence.

ACTUAL METHOD 1 METHOD 2 METHOD 3 No. of Meas.
MOLE > 10% error
MATERIAL RATIO FOUND % ERROR FOUND Z ERROR FOUND % ERROR 1 2 3
Group 1d
Fructose 6 7.45 (0.36) -24,2 9.87 (0.29) -64.5 6.60 (0.30) -10.1 3 4 3
Glucose 6 5.60 (0,30) 7.3 8,86 (0,24) ~47.6 6,90 (0.30) -14.2 2 5 3
CaCo 3 102,14 (6,12) kdokk 122.23 (4.31) hdohdk 18.05 (1.34) ki i 3 3
CaHP34 4 30,40 (1.47) kRExk 23,86 (0,68) Hkdik 34,87 (1.81) kkix 3 3 3
Mg0 1 89.94 (4.00) Awkx 61,01 (1.46) rkkwnk £5.76 (2.56) Kkkikk 3 3 3
Water (L2) 1 0.94 (0,08) 5.8 0.87 (0,05) 12.7 0.87 (0.07) 13.4 11 1
Group 2
Fructose 6 7.91 (0,38) -31.8 11.31 (0.33) -88.5 7.63 (0.36) -27.1 3 4 3
Glucose 6 5.90 (0.29) 1.6 10,15 (0.28) -69.1 7,91 (0.34) -31.9 2 5 3
caCo 3 108.39 (6.37) *¥&kkk 140,00 (4,90) Hkdkk 20.84 (1.54) dckik 3 3 3
CaHPag 4 32.26 (1.52) kdEk*k 27.30 (0,80) ddkk 40.37 (2.05) Hxkixk 3 3 3
Mg0 1. 95.45 (4.14)  wkEkk 69,88 (1.68) ik 52,82 (2.89) k¥xk 3 3 3
Water(K2) 1 1.06 (0,09) ~-6.1 1.15 (0.06) -14.5 1.15 (0.09) -15.4 i 1 1
Group 3 }
Fructose 1 1.34 (0.09) -34.1 1.55 (0.06) -55.0 1,50 (0.10) -48.3 3 3 3
\Glucose 1 0.82 (0.05) 12.7 0,96 (0.03) 3.7 0.64 (0.04) 36.2 2 2 4
Part B: Samples not normalized for neutron fluence.
Group 1
Fructose 6 10.63 (0.53) =77.6 13,99 (0,39) ks 9,67 (0.46) -61,1 3 4 4
Glucose 6 5.72 (0,27) 4.7 9.10 (0.23) =51.7 7.43 (0.31) -23.9 3 5 4
CaCOy 3 250,70(14.30) *hkkk 148,98 (5,31) Hdkkx 35.40 (2.30) rkkkk 3 3 3
CaHPO 4 71.10 (3.20) ki 67.80 (1.80) *kkkkx 103,70 (5,10) Fk&k* 3 3 3
Mg0 4 1 217.40 (8.80) *kkkk 164,95 (3,55) *kddk 127 .50 (6.70) #¥k#x 3 3 3
Water (L2) 1 0.98 (0,08) 2,3 0.91 (C.05) 9.1 0.%96 (0.07) 3.6 o 0 0
Group 2
Fructose 6 10,91 (0.53) -81.8 15.38 (0.44) hdkkks 10,02 (0,49) -67.1 3 4 4
Glucose 6 5,86 (0.27) 2.4 10,01 (0.26) -66.9 7.71 (0.32) -28.5 3 5 3
CaCo 3 256,60(14,50) kkkkk 163,90 (5.90) hkxkk 36.70 (2.40) ‘hkkkxk I 3 3
CaHPO, 4 72,80 (3,20) (hkdik 74,53 (1,99) *kkxk 107,50 (5,20) ekkkx 3 3 3
Mg0 1 222,56 (8.82) Hkkkk 181,54 (3,97) ‘ekkdk 132,20 (6,80) kkkx 3 3 3
Water(K2) 1 1,02 (0.08) -2.4 1.10 (0.06) -9.9 1,04 (0.08) -3,7 0O 0 o
Group 3
Fructose 1 2,20 (0,16) Kkkkk 2,25 (0,17) iekkik 2,32 (0.16) ekdksk 3 3 3
2 2 4

Glucose 1 0.89 (0.06) 10,8 0.93 (0.03) 6.9 0.64 (0.03) 36.5

For explanations see footnotes in Table 5.2.

dThe astandard references are:

Group 1 = water sample K2,

Group 2 = water sample L2,

Group 3 = fructose B2 for fructoses; glucose J2 for glucoses.

Each group has 4 fructoses, 5 glucoses, 3 CaCOj, 3 CaHPDa, 3 Mg0, and 2 water samples.
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Average Mole Ratios (gm~ mole basis) for Experiment 6.

38

Part A:

Each sample normalized for neutrom fluence.

METHOD

ACTUAL METHOD 1 METHOD 2 3 No. of Meas,
MOLE > 10% error
MATERIAL RATIO FOUND % ERROR FOUND Z ERROR FOUND % ERROR 1 2 3
Group ld
Water 1 0.89 (0.02) 11.1 0.96 (0.02) 3.9 0.91 (0.02) 9.1 1 0o 1
Fructose b 7.67 (0,15) =27.8 7.44 (0.12) =23.9 6.66 (0.12) -10.9 4 4 2
Glucose & 8.35 (0.17) =39.2 7.70 (0.12) -28.4 7.28 (0,13) -21.1 4 & 4
Group 2
Water 1 0.99 (0,02) c.8 1.09 (0.02) -9.4 0.95 (0,02) 5.4 1 2 1
Fructose & 8.36 (0.16) +392.3 8.26 (0.12) <37.7 6.87 (0.12) ~=14.4 4 4 4
Glucose 6 9.10 (0.17) -51.7 8.56 (0.13) -42.6 7.49 (0.13) -24,.9 & & 4
Group 3 '
Water 1 0,98 (0.02) 2.2 1.07 (0.02) -7.1 0,94 (0.02) 5.8 1 1 1
Fructose 6 8.26 (0.16) =37.7 8.12 (0.12) -35.3 6.85 (0.12) -14.1 4 4 2
Glucose 6 8,99 (0.17) -49.9 8.41 (0.13) -40,1 7.47 (0.13) =-25.5 4 &4 4
Group 4
Water 1 1.25 (0.02) =24.8 0.98 (0.02) 1.8 1.28 (0.02) -28.1 45 0 4
Fructose 6 10.10 (0,20) =-68.1 7.57 (0.12) =26.2 8.79 (0.15) -46.4 4 4 4
Glucose 6 10,98 (0,21) =-83.0 7.84 (0.12) -30.7 9.59 (0.17) -59.9 4 4 4
Group 3
Water 1 0.95 (0,02) 5.3 0.91 (0.01) 8.9 0.99 (0.02) 1.5 1 2 1
Fructose 1 1.04 (0,02) =4,0 1.07 (0.02) =-6,7 1,05 (0,02) -5.1 0 2 0
Glucose 1 1,03 (0.02) =2.5 .89 (0.02) 10,4 1.00 (0.02) -0.2 i 1 o
Part B: Samples not normalized for the neutron fluence.
Group 1
Water 1 0.95 (0.01) 1.5 0.97 (0.01) 2.7 0.98 (0.01) 1.9 1 0 1
Fructose 6 7.73 (0.09) -28.8 7.16 (0.07) =19.3 6.85 (0.08) -14,2 4 4 3
Glucose B 7.99 (0.09) -33.3 7.16 (0.06) ~-19.3 7.22 (0.08) -20.4 4 4 4
Group 2
Water 1 0.99 (0.01) 0.6 1.01 (0.01y ~-1.2 0.93 (0.01) 6.8 1 0 1
Fructose 6 7.78 (0.09) -29.7 7.39 (0.07) -23.2 6.58 (0.07) -9.7 4 4 3
Glucose 6 8.05 (0.09) =34.2 7.39 {0.07) -23.1 6.94 (0.07) -15.6 4 & 4
Group 3
Water 1 0.99 (0.01) 0.8 1.02 (0,01) 2.2 0.96 (0.01) 3.9 1 o0 1
Fructose 6 7.77 (0.09) =24.4 7.45 (0.07) =24,1 6.75 (0.08) =-12.5 4 4 3
Glucose & 8.04 (0,09) -33,9 7.45 (0.07) =24.1 7.11 (0.08) -18.5 4 & 4
Group 4
Water 1 1.17 (0.01) =17.3 1.02 (0,01) ~2.2 1.20 (0.,01) =-20.3 4 0 4
Fructose 6 8.90 (0.12) -48.4 7.45 (0.07) -24.1 B.10 (0.10) -39.4 4 & 4
Glucose 6 9.21 (0.12) -53.5 7.44 (0.07) =24,1 8.53 (0,09} -42.2 4 4 4
Group 5
Water 1 0.89 (0,01) 11.2 0.97 (0.01) 2,7 0.56 (0.01) 4.1 1 0o 1
Fructose 1 1.07 (0.02) =6.9 1,10 (0.01) -10,3 1.07 (0.02 ~6.9 1 2 0
Glucose 1 1.08 (0.02) =7.7 0,92 (0.01) 8.1 1.02 (0,02) -2.4 1 2 0

dThe groups are formed from

Group 1:
Group 2:
Group 3:
Group 4:
Group 5:

the
the
the
the
the

reference is
reference is
reference is
reference is
water sample

glucoses.,

the different standard reference used:

the water sample 3.

the water sample 5.

the water sample 13,

the water sample 19,

1 for water samples; the fructose 22 for fructoses;

the glucose 12 for
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With the requirements of fixed geometry for irradiation and counting,
three experiments were perfofmed. These results are presented in Tables
5.4 and 5.5 in the same way as in Tables 5.2 and 5.3.

‘Observe that the results for experiments labeled 5 and 5a are poor.
For this reason it was decided that in addition to gross mistakes, like the
mixing of iron wires, and reactivation of some iron wires, there possibly
were also errors introduced by fluctuations of the reactor power level
and/or instabilities of the counting system.

In experiments 5 and 55 samples were counting using the plexiglass
device described in Section 3, "Description of Apparatus," but without
the central perforation. So, considerable absorption of gamma-rays might
be possible. This was corrected for experiment 6. The results are better
than those of experiments 5 and 5a.

Also, in experiment 5 and 5a there were introduced three new materials to
analyze: CaCO3, CaHPOA, and Mg0. However, we have not been able to
explain the great discrepaﬁcy in the molecular ratio calculations (expected
‘values were 3,4,and 1, for CaCO3, CaﬂPOa, and MgO, respectively, so it
was decided to eliminate them in following experiments.

Error Due to Variations in the Reactor Power Level During Irradiation

In order to obtain the solution, Eq. 2.2, to the well known differential
equation Eq. 2.1, which is used to describe the rate of change of the
product nuclei, it is usually assumed that the neutron flux, which is a
function of the reactor power level, is constant. This assumption is
reasonable for most nuclear reactor irradiations, since most reactor
irradiations are performed during relatively steady-state operations and
for relatively short times. Some fluctuations are observed within a

steady-state operation, and because of the relatively very short half-life
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190 it was of interest to find how much the activation of one sample

of
containing oxygen as a component was affected by variations of a considerable
duration during the irradiation time. Also, we wanted to see what the
effect would be because of the difference in half-lives of 190 and the
fluence monitor 56Mn.

For this purpose a regular square wave behavior was assumed for the
power level with an average value considered for the flux at full power
in accordance with the characteristics of KSU TRIGA Mark II reactor, (see
Table 3.1 for an approximate flux value). A period of 20 seconds and
variations in pulse height, as large as 1% and 5%, from the assumed
constant level, were used to calculate a theoretical activation of samples.
The percentage of error involved wﬁen "molecular ratios" (in this case 1:1)
are to be calculated was observed. Step functions, positive and negative,
at the end and at the beginning of irradiation were alsc included in the

study (see Appendix D).

Then, Eq. 2.1 becomes

RO 4 w(e) = oNog(e) , (5.3)
The solution to Egq. 5.3 is

-At £

[o]
N(t) =e °©° UNOJ dt' et
0

") (5.4)

where t0 is the irradiation time.

By numerical integration, the integral term of Eq. 5.4 can be approxi-

mated for 31 constant during the time interval At = ti - ti—l:
N =At m ~At At
i-
N =L2 e ° 7 o) le t-e TN, (5.5)
A P |

where m is the number of intervals At = t -t

i %41 = 20 seconds, to is 120 seconds.
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w 18 56

Ideal unit masses of "pure 0 and ~ Fe were considered for the

analysis. The following Table 5.7 1s a listing of the data used in the

calculations.

Table 5.7 Data used for Ideal Square Wave Power Level Variations.

¢o =1.8 x 1012 n/cmz—sec at 250 Mw (at the RSR)
= 0.02586 sec_l

ox -5 -1

kFe = 7.46 x 10 ~ sec

Gox = 0.2 x 10_27 cm2

o, =2.7x 10-24 cm2

Fe
The seven different wave types and their respective functions of the

Aty Aty
texrm L ¢i [e - e ] are given in Table 5.8. Within the seven

i
different wave types, two modes were also considered. Mode "B" corresponds

to the respective wave type ending at a positive variation after irradiation
and mode "A" is for the negative ending.

The theoretical activities at the end of irradiation as well as the
normalization of sample with the flux monitor are given in Table 5.9. There
were two theoretical samples (a reference and unknown, each with a neutron
fluence reference) each exposed to thirteen irradiation patterns, which
yields 169 possible unknown/reference combinations. The results are given
in Table 5.10.

Results for such "molecular ratios" were for cases where there was
believed to be more posibility of error. The maximum percentage error
observed was 2.59% ﬁhich corresponds to the ratio of "samples" 6 to 12
("wave" ratio type 6A and 6A for 6, and "wave" ratio type 6B and 6B for 12).

Probably the last error can be assumed as the maximum to be obtained under
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TABLE 5,10 THEORETICAL MULE RATIO FNR SAMPLE(I) TO SAMPLE (J),
FXPECTED VALUE IS 1:1

I ¢ J RATIN % ERROR
| I 2 1.002527 -0.253
1 : 3 1.012767 -1.277
1 %4 1.005586 -J.559
1 = 5 1.009679 ~0.968
1 () 0.587487 1.251
| 7 1.036697 -0.,6170
1 i ] 0.997485 D252
| 9 N.GLT550 1245
1 10 0.354438 0.556
1 : 11 0.990567 0.2%432
1 ¢ 12 1.013052 -1.395
1 : 13 0.993282 0. 5872
2 1 0.997479 0.252
2 ¢ 3 1.010214 -1.2321
2 3 4 1.023051 -1, 305
2 s 5 1.607133 -0.713
2 @ b 0.984993 1.500
2 % 7 1.004158 ~0.416
2 3 Q.994970 0e5D3
2 9 2,985061 L. %494
2 : 10 0.,991931 0.807
2 ¢ 11 D.98R0TQ 1.193
2 12 1.010498 . =1.250
2 13 0.%20778 ' Da922
3 1 0.587394% 1.2561
K 2 0,999839 1.911
3 4 J.992909 0. 709
3 5 3,996951 D305
3 6 0.875Q039 2.496
3 7 0.994006 0.599
3 B D.984919 1509
3 : 9 N0.975101 2s 490
3 : 10 0D.931922 1.310
3 : 1t D.978079 2.192
3 s 12 1.000280 -0.028
3 : 13 0D.980761 1.924
4 3 1 . 0.9944%45 D555
Y 2 0996958 0.304
4 3 3 1.2907141 -0.714
4 1 5 1.004069 -D. 407
4 ) 0.982002 1.300
4 3 7 1.001104 ~-0.,110
4 3 8 0.991943 0. 806
4 3 9 0.982064%4 1.794%
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11
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0.518914
0.535064%
1.007424
0., 987764
N0.9970414%
N,99291L7
1.002058
N915946
0.9738321
0.997046
Q,987923
0.978084%
0.934905
0.981071
1.0033451
0.903761
1.012671
1.015230
1.025599
1.0l8328
1.022472

1.0164%2

1.010123
1.000063
1.007038
1.003113
1.025888
1.005868
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1.006139
0.698897
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0.9560918
0.990849
J0.9280981
0.687823
0.583977
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1.002522
1.005055
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-01306
) .%405
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~24560
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8 : 3
8 4
g 5
8 : 6
g8 7
8 H Q
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8 11
a s 12
8 : 13
9 1
9 2
9. 3
9 4
9 5
9 6
9 T
g9 3
9 10
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9 :: 12
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10 = 1
10 @ 2
10 s 3
10 4
i0 5
10 6
10 @ 7
10 : 8
10 : 9
10 ¢ 11
10 : 12
10 : 13
11 1
11 2
| 1 3
11 H 4
11 5
| 1 A 6
11 7
11 3

\

1.015321
1.008121
1.012224
0.989978
l.202234%
0.990041
0.996946
). 993065
1.015606
0.,995787
1.012606
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1.0030863

0.693074
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1.0224%411
1.015162
1.019294
J. 996891
1.016283
1.0065 84

-1.532
"00312
- Ls 222

1.002
-0.922

D996

D.305

0. 694
"1.561

0.421
"lt 261
-1.517
-2.553
"1.826
-2.2%1

J. 006
"1-939
-1.906
-0. 697
-J«305
"'2.582
-0.,580
-00559
"Oc ‘313
‘10843
-l.121
-1.533

0.699
-Dn 306

0.693

0.3389
-1.872

0.116
"L). 952
‘1.20?
"2-241
-1.516
"1 0929

0.311
"1-628
-0.698
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1.024239
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0.%97266
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0.305
"0-301
-2.,270
=0.274

1.238

1.039

0. 028

D.737

0.333
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1.537
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1.352
-J.676
"'10962
—10239
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0.583
~1s350
-00423
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0,273
-10990
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irradiation conditions similar to those assumed here. However, it was felt
that a reasonably steady-state behavior may be achieved. Therefore, we feel
the introduction of large errors for non-stable flux conditions is not very

likely.

Errors Due to Instability of the Counting Systen

Proper functioning of the assoclated electronic egquipment in any
experimental research is most important. The electronic capability of
multichannel analyzers to assist in the determination of the amount of a radio-
nuclide from a mixed gamma-ray spectrum is so important that most modern
laboratories include multichannel analyzers as a standard part of their
spectroscopy-detecting systems. The greatest concerns for these systems
are the instrument deadtime, drift of the iInstrument between counts, and
overall functioning of built-in devices.

In this work the linearity and drift of the Northern Scientific
multichannel pulse-height analyzer was checked by using several gamma-ray
reference sources, such as 6000, 22Na, 137Cs and 5?Co. The linearity
(less than * 1% deviation) was satisfactory throughout all the experiments
formed. The drift was negligible. It was possible to reproduce photopeak
channel numbers within.three channels of the same photopeak energies
measured after almost six months had elapsed. This drift of the analyzer
was checked using the following procedure. For a desired photopeak, the
top three channels points were assumed to be represented by the quadratic
function

x> +BX+CY+D =0, (5.6)
where

B, C, and D are unknown constants,

X represents the channel number,

Y is the number of counts on each channel.
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The centroid of peak was calculated by finding the maximum value for
"Y". The centroid Xc is

X =-%. (5.7)

It is sufficient to determine the parameter B to find Xc, so B was
calculated by simple algebraic substitution of values of the three points
mentioned earlier.

Although linearity and drift of the analyzer were always as good as
was expected, there were observed extraneous signals, sporadic, which
were distributed along all the spectrum being accumulated. The electronic
noise was produced by a malfunctioning of the long coaxial cable which
connected the Ge(Li) system in the reactor bay and the counting system in
the laboratory room. The contribution of errors is easily observed in
Tables 5.4, 5.5, and 5.6 for the experiments 5, 5a, and 6, respectively.
This noise, however, was not observed during experiment 4; at least it
was not as evident as in the other expériments.

A test was performed using the standard reference sources 60Co,
13705, and a mixed source, which includes up to 10 visible photopeaks.
Several spectra were accumulated and the area ratio for each peak was
calculated. The expected value was 1l:1. Error percentages as large as
50% were observed for measurements of areas as well for peaks in the
high energy regions and for peaks in the low energy regions.

A similar test was performed using a high precision pulse generator.
The input signal was connected to the preamplifier of the spectrocopy
gystem, to generate a nuclear-shaped pulse. Spectra were recorded using
several pulse-height, Again the area ratios gave percentage errors similar

to those obtained using the gamma-ray sources.
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Finally we moved all the nuclear instrumentation to the reactor bay
and used a short cable connection. With the entire electronic system
operating stably, the error percentage was not larger than 3% when either
the standard sources or the pulse generator were used. However, another
problem appeared. Because variations in ambient temperature normally affect
transistorized equipment, erratic behavior in the built-in clock was
observed. Long periods of time with the electronic equipment in the
reactor bay which is normally maintained at low temperature, at least
low enough to effect the electronic equipment, caused this behavior. The
typical experimental procedure is to run a relatively large number of
samples which required a relatively long time to complete. The effect of
temperature was of great concern, and it was decided that some erratic
behavior in the electronics had to be accepted. The final method was
then to use an external clock and the pulse generator to monitor the
behavior of electronic system. When obvious mistakes were performed either
due to malfunctioning of equipment or any other errors, the sample being
suspected of having such errors was eliminated from further study. The
final method is described in more detail in the section 6 "The Approved

Method."

6. The Approved Method

After considering the possible source of errors discussed in section 5.9,
a final experiment (labeled No. 7) was performed. In this manmner, fixed
geometry during irradiation and counting was used; the area calculations
were performed by the graphical methods avoiding Gregory's equation
because of the uncertainty pf its results: Special care was taken to avoid

or to discover (and eliminate) mistakes performed during manipulation of
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the samples, and when obvious errors were observed, the samples were not
included in the final results. The results were used to compare with the
"oood" results (see Tables 6.1 to 6.5). Because this experiment was per-
formed with the electronic equipment in the reactor bay, careful observation
was maintained when the spectra were being accumulated. Any undesirable
spectrum was easily located and eliminated. To avoid any complication with
malfuctioning of the built-in clock, an external clock was used to control
the accumulation times. Also, a signal from a high-precision pulse generator
{(ORTEC Model 450), was used to monitor the accumulation times. The data
were normalized for each particular accumulating times of each sample. The
normalization was performed first, by calculating the area under the peak
produced by the pulser and then, by dividing the area of the desired photopeak
by this area. Therefore activity per unit mass per unit time was calculated

for each sample and fluence monitor.

6.1 Results of Normalizing Data by the Area Produced from a Pulse Generator

Several samples consisting of six distilled water samples, three fructose
samples, three glucose samples, three wheat samples, and three of a mixture
(50:50 percent) water—-alcohol (ethanol) samples were included in this experi-
ment, labeled No. 7. The main characteristic of experiment No. 7 was the
normalization of the photopeak area by the area produced by pulse generator.
Results for the distilled water and sugar samples are given in Tables 6.1,
6.2, and 6.3. Results for the alcohol-water mixtures and wheat samples are
discussed in sections 6.2 and 6.3, respectively.

In Table 6.1 the average mole ratios (gm-mole basis) for each group of
water and sugar samples are given. 1In this table samples with obvious
errors were eliminated, and the samples were compared to each one of the

samples of water. Considering the percentage error for each case, water
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TABLE 6.1 Average Mole Ratios (gm- mole basis) for Experiment 7. Each sample has been normalized
for the neutron fluence and for the counting time. The normalization for the counting
time was performed by dividing the area of the desired photopeak by the area of a peak
formed from a signal from the Precision Pulse Generator (Ortec Model 419). Samples with
obvious mistakes were not included in the record.

ACTUAL METHOD 1 METHOD 3 No. of Meas.
MOLE > 10% error

MATERIAL RATIO FOUND % ERROR FOUND % ERROR 1 3
Group 1d

Water 1 0,98 (0,04) 1.7 0.99 (0.03) 0.2 1 0

Fructose 6 6,27 (0.25) -4.5 6.67 (0,25) -11,2 0 2

Glucose 6 6.56 (0.33) -9.4 6.34 (0.30) -5.6 0 0
Group 2

Water 1 1.10 (0.03) -10.1 1.05 (0.,03) ~5.4 1 4]

Fructose 6 6.87 (0.21) -14,5 6.97 (0,20) -16,1 2 2

Glucose 6 7.19 (0,29) -19.9 6.62 (0,25) -10.2 2 1
Group 3

Water 1 1.04 (0,03) -4.3 0.96 (0.03) -4,1 1 0

Fructose 6 6.57 (0.21) =-9.5 6.46 (0.19) ~7.7 2 1

Glucose 6 6.88 (0.28) -14.7 6.13 (0,24) -~2,2 2 1]
Group 4

Water 1 0.87 (0.03) 13,2 0.94 (0,03) 6.3 3 0

Fructose 6 5.68 (0,22) 5.3 6,35 (0.23) -5.8 1 1

Glucose 6 5.95 (0.29) 0.8 6.02 (0.28) -0.4 0 0
Group 5

Water 1 1.03 (0.04) ~3.1 1,06 (0.04) -6.2 1 1

Fructose 6 6.51 (0,25) -8.5 7.02 (0.26) ~16.9 2 2

Glucose 6 6.82 (0,34) -13.6 6.66 (0,31) -10.9 2 1

Over-all % ERROR -6.1 6.4

For explanations see footnotes in Table 5.2..

dThe groups are formed from the different standard reference used:
Group 1 = the reference is the water sample 3.

Group 2 = the reference is the water sample 27B.
Group 3 = the reference is the water sample 33.
Group 4 = the reference is the water sample 39.
Group 5 = the reference is the water sample 3B,
h

Total number of samples were: 5 distilled water, 3 fructoses, and 3 glucoses.
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samples labeled 3 and 39 are the best references, and the water sample

27 B is the "worst" one. The over-all average percentage error established
for this experiment is 6%. However, individual measurements can vary between
a range of -20% to 13%. The values observed were frequentlyllarger than the
expected value. We were not able to explain that behavior.

In Table 6.2, the samples with obvious errors are included in the anmalysis.
These groups of erroneous samples include one sample of distilled water labeled
27 (a decrease of 1.2% weight; re-activation of iron wire), and one sample of
glucose (re-activation of iron monitor) labeled 1. The analysis gives poorer
values, compared to Table 6.1, by the inclusion of these samples. The last
group, for example, where the water sample labeled 27 is the reference, has
percentage error as large as -56.8%. 1In Table 6.2, the over-all average
percentage error estimated is -12%, and the range is from -57% to 17%. Also
the results for the glucose samples are poorer compared to those in Table 6.1.

In Tables 6.1 and 6.2 the results with data normalized for counting
time by the signal of the pulse generator are given. Only for comparison,
results without normalization are shown in Table 6.3. A noticeable difference
between the results given in Table 6.3 and Tables 6.1 and 6.2 is observed.

The results in Table 6.3 are, in general, quite poor.

6.2 Oxygen Concentrations is Alcohol-Water Mixture

Four samples of a mixture of distilled water and ethanol (02H5OH) were
prepared on a volume basis of 50% for water. Typical mass for each
sample was 1.2 grams. The expected mole ratio, sample to water, is calcu-

-lated as follows

_ 2 x 16
MR = 76707 + 18.01543

(6.2.1)
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TABLE 6,2 Average Mole Ratios (gm- mole basis) for Experiment 7. Each sample has been normalized
for the neutron fluence and for the counting time. Record includes all of the samples
analyzed in Table 6.1 plus the addition of samples with obviocus mistakes.

ACTUAL METHOD 1 METHOD 3 No. of MHeas.

MOLE > 10% error

MATERIAL RATIO FOUND % ERROR FOUND % ERROR 1" 3
Group ld

Water 1 0.93 (0.03) 6.9 0.95 (0.03) 4.9 2 1

Fructose 6 6,27 (0.25) 4.5 6.67 (0.25) -11.2 0 2

‘Glucose 6 6,79 (0.28) =13.3 6.63 (0.25) -10.5 1 1
Group 2

Water 1 1.04 (0.03) -3.9 1,00 (0.03) -0.2 2 1

Fructose 6 6.87 (0.21) -14.5 6.97 (0.20) -16.1 2 2

Glucose 6 7.45 (0.24) -24.1 6.93 (0.21) -15.4 3 2
Group 3

Water 1 0.91 (0.02) 8.6 0.99 (0.03) 1.5 2 X

Fructose 6 6.46 (0.19) -7.7 6.57 (0.21) -8.5 2 1

Glucose 6 6.42 (0.20) -7.0 7.12 (0.24) -18.7 3 1
Group 4 ‘

Water 1 0.89 (0.03) 10.6 0.83 (0.03) 17.4 4 1

Fructose 6 6,35 (0.23) ~5.8 5.68 (0.22) 5.3 1 1

Glucose 6 6.31 (0.24) =5,1 6.16 (0.25) -2.7 0 1
Group 5 . .

Water 1 1.01 (0.03) -1.0 y 0.98 (0.03) 2.5 2 2

Fructose 6 7.02 (0.26) -16.9 6.51 (0.25) -8.5 2 2

Glucose 6 6.97 (0.27) ~16.2 7.06 (0.28) -17.7 3 2
Group 6

Water 1 1.37 (0.05) -36.6 1.31 (0.04) -31.2 5 5

Fructose 6 8.68 (0.38) -44,6 8.76 (0.33) ~46.1 3 3

Glucose 6 9,41 (0.40) -56.8 8.71 (0.34) -45.1 3 3

Over-all Z ERROR -12.3 -11.,7

For explanations see footnotes in Table 5.2.

dThe groups are formed from the different standard reference used:
Group 1 to Group 5 = see Table 6.1.
Group 6 = the reference 1s the water sample 27.
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In this group of samples a noticeable decrease (9.3%) in mass was
cbserved for one of the samples. Consequently it was eliminated from the
analysis. For the other samples decreases in mass were apparent (about 1%)}.
Therefore the average value for the mass were used in the analysis.

The analysis was the same as explained before (Section 6.1). 1In Table 6.4
these results for normalized data are given. One sample was eliminated,
because its spectrum showed a "step" increase in the counts in the region
of high energy, the normal position of the peak for pulser generator. In
Table 6.5 the results of all three samples are given again without normali-
zation. The percentage errors are, in general, large. This error percentage
was calculated on the basis of a theoretical ratio 1:1, however these results
show an apparent systematic error. Therefore, we assumed that the 1:1 ratio
was probably in error. Therefore, we decided to calculate the results on
the basis of 1.5:1. These results are given in Table 6.6. Notice the decrease

in the percentage error in Table 6.6.

6.3 Concentration of Oxygen in Wheat

Three groups of 3 samples of standard wheat were irradiated in this
work. We iIncluded wheat in our analysis of 180 determination in order to
include some samples with unknown concentration of oxygen to test the
capabilities of the analysis method described in this work. For these samples
the weight fraction of oxygen was calculated with water as the standard
reference. Results are given in Table 6.7.

In Table 6.7 the average weight fraction of oxygen for each sampie
of the group is given. In each group, the fraction of oxygen of each
sample was calculated by averaging all the individual measurements obtained
by analysis with different water sample references. In the first two

groups, two references were used; in the last group, six references were
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used. Also the normalization by the pulser was performed in this last
group. Similar results were obtained by using both graphical methods, the
fixed and the variable minima methods.

If it is considefed that typical wheat grain is approximately composed

of 69.6% starch (CﬁH ), 12.07% protein (C5H90H), 2.1% fat {(C

12% 17835927 3C4H5)»

2.5% cellulose {(C 06), and 12% water (HZO)’ where chemical formula are

gliz
average values, then the results given in Table 6.7 are in very good agreement

with these wheat compositions (23). However, we must point out that the

analysis of wheat samples were only preliminary investigations.

7. Conclusions and Recommendations

The thermal neutron activation analysis can definitely be used to
determine oxygen-18 concentrations in sugars, wheat, oxides, and water-alcohol
mixtures. Although, other methods might be more accurate than the NAA
method (about 6% accuracy for NAA compared to about 1-2% for mass spectros-
copy), the main advantage of this method is in its simplicity and the non-
destruction of the samples. We believe that improvements, such as an
pneumatic transfer system and a more stable analyzer system, could improve
the accuracy of the NAA method. The transfer method could be improved,
by moving the counting system to the top of the reactor pool. However,
this may not be practical due to the relatively large gamma-ray interference.

Future work delineating the sensitivity of 180 concentration is also
suggested. Even though the study was not directed to determine sensitivity,
we believe that it is a few milligrams. However, a similar work reported

sensitivites of few hundreds of micrograms (29).
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APPENDIX A

Formulation of Mole Ratio

Consider an activated sample in which the radiocactive isotope of
interest is being produced at a rate R. Now we must relate R to a quantity
that can be measured. The quantity we actually measure is the rate of
desintegration of the radioactive nuclei at the time of measurement (usually
gome time after removal of sample from the neutron flux).

The buildup of radioactive nuclei during irradiation is described by
(17,19)

N(t) = R - AN(t) , (A.1)
where

N is the number of radioactive nuclei,

A is the decay constant of the product,

R is the rate of production,

For the case of constant neutron flux throughout the sample, R is expressed by

R (reactions per sec) = N o (E) ¢ (E) dE , (A.2)
T 0 a

where

NT ig the total number of target atoms,

Ua(E) is the cross section for activation at the energy E,

(0 is the cross section for the neutron process which causes the activations),

¢ is the neutron flux.
In genéral, R may be a function of time. However, a very useful case is a
constant, R, i.e., ""burnup" of parent and daughter may be neglected. This
also assumes that the neutron flux remains constant. Then, 1f we put a sample
into the flux at time t = 0, the number of radioactive nuclei in the sample at

time t is, i.e., the solution of Eq. A.l,
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N(t) = X (1-e7M6) (4.3)
and the sample activity at time t is
- _ -At -At
A(t) = AN(t) = R(l-e ") = Ao(l—e ¥ @ (A.4)

The saturation activity Ab is reached if the sample stays in the neutron
flux for a very long time compared to the half-life where the activity of
sample becomes equal to the production rate, R.

If the acitivity at the end of the irradiation is.AD and a count is
made between times tl and t2 measured from the end of the exposure to the
neutrcn'flux, and using a detector with an over-all efficiency £, the total
observed number of counts, C, will be

t R
C=c¢ J 2 Ao e At dt' + B , (A.5)

1

where B is the background count occurring in the interval t., and t,.

1 2
After integrating and rearranging Eq. A.5, we obtain
A -At -At
C=¢-3 (e Lo %48 . (A.6)

Combining Eqs. (A.4) and (A.6), we obtain for Ao’ the saturated
activity,

-At -\t =\t

Ao = A(C-B)[ce i (1-e 0)(l-e 2

n-?t, (A.7)

where t0 is the irradiation time.
Since the samples we use in any experiment will generally have different
masses, we must correct for the different masses as well as for the fraction

%
of the isotope of interest. Thus, the saturation activity per unit mass Ao

is given by
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g A -At =it =it

Ar =2 = \(C-B) [mfe e L d-e  %(-e 31

’ (A.8)

where m 1s the sample mass, and f is the fraction of isotope of interest.
The confidence limits, or variance, of A: is easily calculated knowing
the variances on the sample count and the background count, as well as the
variance in the other parameters of Eq. (A.8).
At thermal energies Eq. (A.2) can be expressed as

Bo= Ny Dogn Pin 2 (hify

where Uath is the thermal neutron activation cross section, and

¢th is the average thermal neutron flux.

The comparator method of NAA is based on simultaneous analysis of a
standard known sample for the desired elements in which the known and unknown
samples are treated identically. Under such conditions the activities, for
unknown and reference samples are proportional. Combining Eq. (A.9),

for irradiation under thermal neutrons, and Eq. (A.4) we obtain

Aou - NTu Uau ¢u (1=e

A
ok ok
NTk cak ¢k (1-e

(A.10)

where the subscripts u and k denote unknown and known samples, respectively.
In Eq. (A.10) the subscript "th" for o, and ¢ were dropped for simplicity.

are equal for the

Ao is calculated from Eq. (A.8). 1In Eq. (A.10) Opu and Ok

same isotope of interest. The neutron flux ¢ is usually determined by an
appropriate flux monitor. Combining Egqs. (A.4) and (A.8) and (A.9), we obtain

the flux ¢ as

A (1-e )
6 = 2 ; (A.11)
TF "aF

where the subscript F is for the fluence monitor.
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Let MR be the mole ratio of the fraction of isotope of interest in
the unknown and the reference (known) sample, and defined as follows (gram-

mole basis)
£
u
]

MR = ' (A.12)

=

where f, the molecular fraction of isotope of interest is

_ molecular weight of isotope
total molecular weight in compound °’

(A.13)

Combining Eqs. (A.8), (A.10), (A.11), and (A.12), we obtain MR as

-Aty At =At, g
A(CjB)u[Muee (1-e ) (1-e )1

—AFtlFu _lFtoFu FtZFu -1 Mwu
)-F(C-B)FU[MFU. EFe (l_e ) (1- )]
- it it it ; (A.1%)

IRy OBy  2Ryp-l

~At -\t -A
FIFR . F OFRy . o

-A
e

MR

A(C~B)R[MREe

Ag(C-B) pp [Mppepe

MW

t R
F 2FR, -1
)]

where

MW

molecular weight of sample,

F

subscript for fluence monitor,

u subscript for unknown sample,

R

subscript for reference sample.

For equal irradiation and counting times, decay constants for fluence monitors

and samples, and over-all efficiences, Eq. (A.14) becomes

=At
lu.~1
(C_B)u[Mu e ]

“AptiFy, -1

(c-B)_ [ e ]
MR = Fu'"Fu ) (A.15)

-At
(C-ByghMy e 17
XL MR

(6-B) [y @ FU1FR-1

MW
u
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The varlance of MR is calculated by the well-known equation (19,25):

2 - 322 4 (3,2 2
0; [f(xl,xzso‘a,xn)] (axl) c + (axz) Gx

*5 2

where f is a function of n variables, each one with a variance 02.

.+ (%-fi—)z o?
n

(A.16)

In general all the parameters, but (C-B), are considered to be well

determined, then the variance of MR will be a function of the variance for

each (C-B) term. Then, Eq. (A.15) can be represented by

X
MR = f(x,y,z,t) = k _ZL ’
t
or
- Xz
MR = k vt °

where k 1s a constant.

Then the variance of MR is, from Eq. (A.16)

2 kz,2 2 kx,2 2 kxz,2 2 kxz,2
C°(MR) = (D) " o, + (D) 0+ (-5)" o) + (- =)o,
yt X yt z yzt ytz
or _
2 kxz,2 Ui di S; ci
o (MR) = (“;E) [F+5+5+3],
X z y t
The standard deviation is then
a a a. a.
P P P P
R Fu, 2 2.1/2
som) = (D2 + (D2 + D+ G2,
u r Fu FR
where P = (C-B) = net peak area under the photopeak of interest for

samples and fluence monitors.

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)
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In this work, we were interested in the isotope'lao, in samples of
sugar (glucoses and fructoses), water, wheat, and other oxides. Therefore,
MR is known in most of the samples (except for wheat) and the desired value
is in each case

a) For H,0, M4 = 18.0153 ,

f(fraction of oxygen) = 15 ’

18.0153

b) For sugar (glucose and fructose have same chemical formula 6681206),
MW = 180,16

6 x 16
180.16 °

MR for sugar to water the desired ratio is

f(fraction of oxygen) =

6x16 6
s TR

¢) PFor cases where sugars were used as a reference and as the unknown
sample or where the water samplés were the reference and unknown
samples,
1
HR 1 .
In the case of wheat samples, where the molecular composition is not well

known, Eq. (A.15) is modified to find the fraction of oxygen:

-At
lu, =1
(C"B)u[Mu e 1
-At
XF 1Fu, -1
£ - (C—B)Fu[MFu e ] 16 (A.22)
oxygen —Ath -1 18.01534 ’
(C-B)gIM; e ]
“AptiER, -1

(C-B) g [Mpp © 1

where the reference sample was always H20. The standard deviation for Eq. (A.22)

is
%, e, % %p
O, o) = £ [(———) e R G I (W £
FR

oxygen oxygen R Fu
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APPENDIX B

Area Calculation Methods

B.1 Gregory's Equation Method

The Gregory's equation is a numerical approximation to the integration
of a function, which graphically represents the area under the curve. This
method is based on finite-~difference techniques, which will be briefly intro-
duced here. All operations and derivations are illustrative rather than
rigorous. For a rigourous development we suggest readers see reference 13,
or any other Advanced Mathematics text.

Spppose that we have a function y = £(x) and if f(xi) and f(xj) are any
two of its values, then the first divided difference of f(x) is defined by

the formula

f(xi) = Efx.)

= |
f(xi,xj) = = _xj § (B.1)

i
Similarly, if f(xi,xj) and f(xj,xk) are the two first divided differences

of f£(x) having one argument, xj, in common, then the second divided difference

of f£(x) is defined by the formula

flx,,x,) = £(x,,x,)
= i) 1k
f(xi,xj,xk) = " .

T (B.2)

k

Proceeding inductively, we can define a divided difference of any order.
Usually the values of x in a set of data will be equally spaced, and the
differences of the function will be based on sets of consecutive functional
values. When this is the case, the denominators in the divided differences
of any given order are all equal, and it is customary to omit them. This
leads to a modified set of quantities known simply as the "differences" of

the function. If the constant difference between successive values of x is h,

so that the general value of x in the set is
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X.k=xo+kh k‘l.-, _2’ _1’ 0’ l’ 2, " e (B-3)
and the corresponding functional value is

Ve = f(xk) = f(xo + kh) = fk (B.4)

then, Eqs. (B.l) and (B.2) can be defined by the formula

AE = £ - £ (B.5a)

and

2
A°E, = D(AE) = Af . - Af, . (B.5b)

In general, for positive integral values of n,

n, _ n-1 - n-1 _ an~1
Af A(A £ A fk+1 A fk (B.6)

k k)

The following table shows several orders of the difference operator A.

Table B.1. Difference table.

x £ A& a2 A A »
X £
o ° ¢
2
X fl A fo .
Af A°F
L o &
X f A°E A'f
2 2 1 3 o 5
Af A°E A E
2 2 1 4. o
x3 f3 A f2 ; A fl
Af AYE
3 2 2
%, f4 A f3
Af4
x5 5

Several properties can be associated with the difference operator A,
as well as another notations, and associated functions. We are interested
only in possible applications like interpolation, in which the method can

be used to find the derivative of a tabular function. Among several formulas
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for interpolation, for example, the Lagrange's formula, the forward Gregory-
Newton formula, the forward Newton-Gauss formula, and the Laplace-Everett
formula. The forward and backward Gregory-Newton formulae, for instance,
can be used to give an operational derivation of the famous Euler-Maclaurin

summation formula

E £ =1 E(x)dx += (£ + £) + 3
L h f METZ Ve T T L DT
0 (B.7)

B
2i hZi—l (f£21-1) _ f£21—l)) .

X

where the B's are the Bernoulli numbers. The first few nonzero values are

_ - 6 < 1 I
B, =1 By 2 B, "% B, 30

_— I § -] - . 091
Be = %2 Bg 30 Bio=% P12 3730

As these values suggest, B " becomes infinite as n + o ,

2
If Eq. (B.7) is solved for the integral, we obtain

X o0

n n B '
Faddx = h J] £, =D qf +£) = ] -Alecn® @@ _ 21y
i 2 Yo n 2in n o
X i=0 =1

© (8.8)
which is a fundamental formula of numerical integration. For functions
defined only by a table of values it is usually convenient to have an inte-
gration formula, like Eq. (B.8), in which the "correction terms" are expressed
as differences rather than as derivatives. To obtain such a formula from

Eq. (B.8), we need only replace the derivatives f;, fé", .+. by means of

appropriate interpolation formulas, as well as the derivatives f;, f;", by

means of
1 1,2 1,3 1,4
f'(xo) ok (&f_l + 5 A £_2 + 3 A f"_.3 + 3 A f-4 + .0 ), (B.9a)
. _ 1.3 3 .4
£ '(xo) = h3 (A f_3 + 5 A f__4 + wwe F (B.9%)

(For a complete development see reference 13, pages 116-130). This gives
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J FG)ax = G2 £ e+ £ b - ke 4 E2y w3,
X
o
3
IS

1 ' o ___ 3 3 4

1,3, _ 3,4

_—-3_(A -_2'Af +ool-)]+o.--

h
or
X
n
J f)dx =h (GE + &+ +E L +FE) -8 (Bf . - AF )
X
e}

b2 2 19h 3, 3 b 4

- Wty + KR - T (0 - M%) - i (e st -

(B.10)

Equation (B.10) is known as Gregory's Formula of numerical integration.
When the correction terms are neglected Eqs. (B.8) and (B.1l0) reduce to the
well-known trapezoidal rule of integration.

We used the Gregory's Formula, Eq. (B.10), as a method to evaluate the
area of a photopeak (using h=1, equal spaced channels). The validity of this
method may be justified by the following:

a) For the NAA comparator technique samples are treated identically,
where masses, irradiation, decay and cooling times are similar; therefore,
the expected peaks will be alike or proportional. For the absolute
technique, the method may not be useful.

b) For well-resolved photopeaks, in which the background is reasonably
flat, the area N, between the top slx channels, as we choose, defines a fixed

fraction of the total peak area S which includes the background (see Fig. B.1l.1l).
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Fig. B.l.l. An ideal well-resolved peazk.
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This means that the ratio of the area N above a horizontally intersecting
line of constant length "&" is proportional to the total area S and therefore
varies directly with the gamma-ray intensity.

c¢) For any modern spectroscopy system of high resolution, as a Ge(Li)
detector, the top section of a peak in a monoenergetic gamma-ray spectrum
would be quite symmetrically distributed and can be similarly reproduced for
similar peak-energy. Only a few channels are required to define any photopeak
and the high ratio of the peak-area to total area that often distinguishes

such a gamma-ray spectrum.

B.2 Graphical Methods

Another method of analysis of gamma-ray spectra is the graphical method.
This method is the most popular for its simplicity which allows us to calcu-
late areas quickly by hand calculators or by computers without requiring
complicated programs. In this method the region of interest, or photopeak, is
represented graphically as rectangles whose areas are proportional to the
number of couﬁts in the channels (see Fig. B.2.1). Summation of the rectangles
from bn through a toa gives the value that represemnts the total counts
contained under the peak, shown graphically as the area T in Fig. B.2.1.

T is formed by the net area N, the area of interest, plus the background
B; therefore, the choice of a and bn’ the minima at both sides, are important
and ultimately defines the adequate selection of background for finding the
"true'" area that defines the gamma-ray intensity associated with such a peak.

We used the two methods which are described below.

Fixed-Minima Method

In the first method, we defined a fixed minima at both sides. The net

area N is calculated as follows: For a maximum number of counts at channel n,
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the minima are Cz and Cr where Cg_B n-3 and Cr = n+3., Seven fixed points

define the total area T.

Thus, the net area N is

N=T-3B, (B.11)
where -
n+3
T= c, » (B.12)
i=n-3

Ci represents the counts contained into chaﬁnel i.
For B, the background, the two adjacent channels at both minima are

included in order to calculate an "average minim#" value. Then a straight-

line is used to connect both minima. Below that line is assumed to be the

background, B. Therefore, B is calculated as (area under the trapezoid as

can be seen in Fig, B.2.2).

7 23 1 “E-s
=11 c. +1 <1, (8.13)
23 yufes 1 dpapes K

Variable-Minima Method

In the other graphical method uséd, the minima at both sides of the peak
are found according to the characteristic number of channels that defines the
peak, which may change from spectrum to spectrum. If n represents the channel
of the maximum, the contents of the channels n - 10 to n -~ 2 are averaged, i.e.,

n-2 |

T-1 ¢ (B.14)
i=n-10

then the left minimum, £, is determined by scanning each channel from n-2

to n-8 until the following is satisfied,

CpsC+ (©°. (B.15)
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Fig. B.2.1 Graphical representation of a photopeak.
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n-1
n-2 T\ n+l
n-3 n+2
N ‘
n+3

n-3 n+é

n-4

+5

Fig. B.2.2 Histogram for a peak represented by Fixed-Minima
Graphical Method.
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In a similar way for the right minimum, r, the contents of channels

n+ 2 ten+ 8 are averaged to find

_ n+8
c= ] , Ci (B.16)
i=n+

then r is found by scanning channels n+2 to nt+8 until the condition

c. <t+ @Y%, (8.17)

is satisfied.

The background is determined to be

1 % 1 rgz
B==[% ¢, += c.1, (B.18)
2 3 4=0-9 i 3 oy b

and the total area is calculated as
T
T= } C, - (B.19)
k=4
The net area N is calculated by Egq. (B.l1l).

B.3 Standard Deviation of Area

We calculated the uncertainty in the determination of the net area
under the peak, irrespective of the method used, to be found by

sTp. pv. = (arEA)Y/? | (B.20)

Equation B.20 is true because the statistical distribution often
associated with nuclear process is the Poisson's distribution, where the
standard deviation of the mean is given as in Eq. (B.20). Methods, such
as the graphical ones, can be given with more rigour for standard deviations.
It is possible that with Eq. (B.20), the standard deviation is an over-

stimated value, if compared with other values calculated by other methods.
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APPENDIX C

Error Propagation Due to Uncertainty in Mass

and Time Measurements

%
Let R be the activity per unit mass, defined by

-At -At -At, -1
*
' =Kile 'U-e %@A-e 51 , (C.1)
where K is a constant which includes
- A
K--f—s', (C.2)

A = decay constant of the product,

f = molecular fraction of desired isotope,
£ = over-all counting-efficiency,

P = net area under desired photopeak,

M = sample mass,

t = irradiation time,

t, = decay time,

t, = counting time.

Assume that each parameter in Eq. (C.l) is measured with some error,

PEg, b &g

and given by ¢ (standard deviation), i.e., t 1 1

to,Mto
(o]

0 M’ P

and t2 & 02.

The uncertainty in the exponential functions due to the errors in times

can be calculated by (19,25)

n
o?(£) = §
1=1

of .2 )2

Cg;;) (Uxi R (€c.3)

were f is a function of the x, (i=l, ..., n) variables,

i
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Thus, for
-Ato
fo = f(to) =1-e : (C.4)
The S.D. Uf is calculated to be
o
-At
o, = {B—-e 9712 @ 21?2, (c.5)
f ) t
0 t 0
o
or -hto
o = Ae v, (C.6a)
o o
“At —ltz
Similarly, for f1 = f(tl) = g and f2 = f(tz) =1l-e , the
S.D. are
-ktl
Uf = )e Ot > (c-ﬁb)
1 1
—Atz
o; = Ae O, {C.6c)
2 2
Equation (C.l) can be represented as
*
R =K %—, (c.7)
where
Atl
x=Pe = P/fl
—Ato —Atz
y S M (1-e Y(l-e =M { f2 < (C.8)

From Eq. (C.3), the standard deviation for x and y are calculated from

the following:

o G o
R* _ p WA _ya2y /2
iRl U i Y) ]
o g o
Op 2 . M2 fo0.2 f1.2 £,2. /2
[C‘f) + ng) + (—gg) + ( f1) + ¢ f2) 1 . -(C.9)

or explicitly,
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=it -At
oag lg
i S L 1 S
R* P M -At -ktl
(1-e %) e
At
Ae K Gt2 2 11/2
ol e e N SR (€.10)
(1-e %)
It is general practice to assume that UM’ Gt § ct » and Ut can be
o 1 2

neglected and that the main contributor to the standard deviation of R¥

is the uncértainty in the determination of the area under peak of interest.

However, we are interested to find the difference in the standard deviation

for R* when calculated by considering the error in all the terms as compared
to the standard deviation when error in only the area is considered. As an

example the values given in Table C.1 are given for such calculations.

Table C.1 Typical example data.

{Fluence Monitor)

Parameter Oxygen Iron
A 0.02586 sec 7.46 x 107 sec™t
£, 120 sec 12035ec '
tl 15 sec 2 x 107 sec
t2 60 sec 60 sec
2000 counts 4000 counts
M 1 gram 0.03 grams

Let us assume the following standard deviation values:

8, = VP
_ an=dh

oH =10 M
ct = 10% t0

o
og- = 10% t

tl 1
ot = 5% of t2
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Substituting into Eq. (C.10), we find:

a) for Oxygen

a
Rox . ¢ @oo022 1 x 107
T

-(0.02586)(120))(12)

12 4 £0:02586) (e ]
(1 - o (0-02586) (120),

2

(0.02586)(e-(0'02586)(60))(3)]2}1/2

2
+ [(0.02586) (1.5)1° + [
(1 - o (0-02586)(60),

or

UR*
oX

R*
¢34

= {5 x10°% + 1078 + (2.13 x 1074 + (1.51 x 1073

+ (4.35 x 104312

CR*
00X

R*
oX

2

~ 5.16 x 10~ (for area only: 2.2 x 107%)

where the main contributor of error is the 10% in tl (decay time).

b) For Oxygen with g_ = 1% of t
by 1
R 4 8 4 | 5
o= (5 x 107 + (107) + (2,13 x 107) + (1.51 x 107°)
oX
+ (4,35 x 10”42
Opx
0X -2 . -2
T 3.4 x 10 (area only: 2.2 x 10 °)
oxX

where the 0,, and Ot and Ut contributed in the approximately the same value.

F o 2
c)} For Oxygen, with 0, = 10% of t, and O, = 9% of M
£ 1 M
“rx 4 3 4 3
2% = {(5 x 107) + (8.1 x 1077) + (2.13 x 107) + (1.51 x 107°)

oxX
+ (4.35 x 10° 4172
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g R*
OX

R*
OX

2

= 10.4 x 10 (area only: 2.2 x 10"2)

where the main contributors of error are the 9% of M (mass) and the 10% of

tl (decay time).

4

d) For the fluence monitor for o, = 10 'M (We assumed that there

M
were no changes in masses because the fluence monitors were solid material),
g

R*
F g x 10

5 4 x 10

3)1/2

i 0.03 x 10“4
3

2
0.03 ]

2

+ [

=4
4 ({46 x 1073y (12) (e~ (746 x 10 7)(120),

-5
(1 - e~(7+46 x 107)(120),

2

]

+ ({1:46 x 107 2 x 10%) a0 2

~(7.46 x 10"5)(60))

4 (7246 % 107)(3) (e

2}1/2
_ o~ (7.46 x 107)(60),

1
Q1

a
*
R*p

F

R*

o]
*
R F

*
Ry

¥1.13x 107%

(area only: 1.6 x 10_2)

where the main contributors to error are the 10% of ty {(decay time) and the
5% of the t2 (counting time).

Let assume that the molecular ratio (MR) of the unknown and reference
samples, normalized for neutron flux (see Appendix A) can be determined to

have an error percentage of

- {25 x10°% + 1078 + (9.9 x 1073) + (2.23 x 107%) + (2.5 x 107)}

1/2
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o o o

g R* R* R*

MR ox, 2 ox.2 F.2

R X 100 = [(—R;,o—x) 2 (—R';;-) + ( R’*f)

Unk X Ref F Unk
TRe 1/2
te)t 1 00, (C.11)
F Ref

Let us assume the case of errors due to areas only, and values similar
for each similar sample, i.e., for samples of oxygen and for fluence monitors.

In this case the percentage error will be

a

~§% x 100 = [(2.2 x 100592 4 (2.2 x 10792 + (1.6 x 10752

g 9. 1/2
+ (1.6 x 1079)“]  x (100)

= 4z (actually values calculated were in the range

of 3% or less).

z|s"

Now, let us consider that case a applies for unknown sample, case b
for the reference and case d for both fluence references. Then the percentage

error is

g 1/2

MR 100 = [(5.16 x 1072)2 + (10.4 x 10792 + 2(1.13 x 107H)?]

B (100)

g

—%% x 100 = 17.1%2 (four times larger than for the area alone)

Consider case b and ¢ for the unknown and reference samples, respectively,

and case d for fluence monitors.

a.
—5% x 100 = 19.4% (five times larger than for the area alone).
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APPENDIX D

Theoretical Mole Ratio and Activities by Assuming Wave-Function

Behavior for the Neutron Flux

' The rate of change of the product nuclei, ﬁ(t), is described by the

differential equation (see Appendix A)

N(t) = N_ o4 = ANCE) , (0.1)
where
N° = number of atoms of parent nuclel,
o = activation cross section,
¢ = neutron flux,

A = decay constant of the product.

To find a solution for Eq. (D.1l), it is often considered that ¢ and
No are constant and in&ependent of time. These assumptions are reasonable
for most nuclear reactor irradiations since most of the nuclear irradiations
are performed during relatively steaﬁy-state operations and relatively sﬁort
times.

However, we were interested in finding the changes in activity if
changes in flux were of considerable amplitude during a certain period of
irradiation time, which was sufficiently long compared to the half live, e.g.,
for the case of activation of a short-lived isotope, such as 190. Therefore,
a wave function neutron flux was considered (ideal wave-train of constant
frequency) with the restriction of the average value being constant (and a

fixed-value).

In Eq. (D.1l) neutron flux becomes time dependent:

N(E) + AN(t) = oN_ () . (D.2)
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The solution of Eq. (D.2) is (14,28)

-Aftndt" Aft'dt"
0 tD o
N(t) = [e ] cNo e ¢(t")de' , (D.3)
O
or tD
N(e) = e "D oN_ I e’ et g(ery (D.4)
(o]

where tD is the irradiation time.

Assume that ¢(t) is a constant, ¢i(ti), over the interval At = ti-ti-l'

Under such conditions, by numerical integration, Eq. (D.4) can be given as:

=it M t
N(t) = oN_ e DZ ¢, (t,) Ii de' et y (D.5)
o i1
i=1 t
i-1
or
-At,. M At At
N(t) = oN_ e 3 I 6.(t) [e *ak 1-1] ; (D.6)
o} {=1 i*1

where M is the number of intervals of At.

Assuming samples of unit masses (1 gram) of pure 180 with fluence
monitors, also of unit masses, of pure 56Fe, we want to calculate the activity
per unit mass and normalized for neutron flux, for different wave-function
neutron fluxes. Thereafter, the mole ratio of such samples will be calculated
(see Appendix A for more information about mole ratio formulae).

In order to find a detai1ed description of Eq. (D.6), several cases of
wave-functions will be discussed. Let y(t) be

M At At
W)y = § ey fe T-e Fh (0.7)

i=1
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Table D.1 gives the data used for calculations.

Table D.1 Data used in time~dependent neutron flux calculations.

¢0 (average constant flux) = 1.8 x 10lz n/cmz-sec
tD = 120 sec
At = 20 sec
M = 6 intervals
Avogadro's number (A#) = 6.023 x 1023
Parameter Oxygen Iron
A 0.02586 :ecml 7.46 x 10_5 sec—l
o 0.2 x 10-27cm2 2.7 x 10-.24 cm2
Atomic weight (Ae) 17.99916 55.934934
Using data from Table D.l, we define the constant k as
N o =it =it
0 D_A# ¢ D
kw3 ® "R1® ’ , )
the constant k 1s calculated:
k(oxygen) = 1.162143 x 10™° ,
2

k(iron) = 3.8625 x 10~ .

¢(t), which represents the flux behavior, is calculated for the following

functions:
1. For constant flux'¢o, Eq. D.7 becomes

AtD
W) =4 (e D -1). ©.9

2. For a square wave of amplitude equal to * 1% of ¢o.

Case a
i b3 b5
1.01
b0
1.00- - s an Al W om = -—a-#«-- R —
6 12q 3 t(sec)
0.99 1

by de



Equation D.7 is

)= § o le - e ] g Thpe !
amd 1=1
6 At
i=1
or
+ ¢4(8120)3 + ¢5(3120)4 + ¢6(eA20)5} ,
where
by = ¢y = 65 = ¢, (1.01) ,
by = 9, = 96 = ¢, (0.99) .
Case b
¥ $2 by be
1.0 g
_ab_ 1 d0
1.00.--— - - eutleh e Wb S b - e -
20
. —r
0,99 ;
¢1 ¢3 ¢s

For Eq. (D.11) with values ¢i:
¢1 = ¢3 = ¢5 = ¢° (0.99) ,

6, = 4, = b = ¢, (1.01) .

1—1)

-1]

9.

(D.10)

(D.11)

(D.12a)

(D.12b)

(D.13a)

(D.13hb)
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3. For a square wave of amplitude equal to * 5% of ¢0, Eq. (D.1l1)
applies again and the ¢i are defined as

case a

¢l = ¢3 ¢5 = ¢0 (1-05) ’ (D-lll-a)

by = 6, = 05 = &, (0.95) . (D.14b)

case b Equation (D.11l) with ¢i defined as

¢1"

1
<
w
[
-
ur
|

- ¢0 (0-95) » (D.lSa)

¢y = = ¢, (1.05) . - (D.15b)

I
e
N3
]
<
(<))
|

4., For a decreasing damping wave. Equation (D.4) is to be described
for each ¢i of each case.

Case a

T ~~0.01

'_—T"u—"—u
—» t(sec)

de

b2
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Each ¢i is described by the equation of a straight line (14):

¢i = Mti +B, {(D.16)
where M = slope of line,

B = intercept (or initial amplitude) of line.

For this line, M and B are

(0.01 - 0.05) ¢_ ¢
M= ——s = - 0,04 Eﬂ , (D.17a)
D D
and
B = 0.05 ¢ . (D.17b)

For each ¢1, ¢3 and ¢5 an amplitude, x, above the constant level ¢0
is calculated by assuming the midpoint for the respective period, was ﬁhe
midpoint a square wave. The negative cycles ¢2, ¢4, ¢6 have the same
amplitude, below the lavel ¢0, as their respective positive part.

The midpoint of Pl(ti’ ¢(ti)) and PZ(ti+1’ o(t,,.) is (14)

i+l

tigp T8y 0(E ) F ol

Midpoint of PlPZ = ( 5 . 3 ) (D.18)
where ¢(ti) and ¢(ti+1) are calculated from Eq. D.16.
Therefore, x, the variable amplitude, is
[M(t ) + B] + [M(t,) + B]
x = il > L , (D.19)
or
X = E’(t +t,) +B ‘ (D.20)
2 Yitl i * *
Each ¢i , 1 odd, 1is calculated as follows
¢i = ¢0 +x, i=1,3,5, (D.21a)
and each ¢i’ i even, is
@i = ¢D - X i-= 2,4,6 ’ (D.Zlb)



Therefore, using Eq.

M
¢l = ¢0 * [5

6, = ¢

o

Also, ¢3 and ¢4 are

¢3 = ¢o * [%
¢4 = q30 - [%

and Eq. (D.7) is

ite) = ¢D(e"2° ~1)[1.047 + 0.953 &*

+ 1.020 80 4 g.9g 100
Case b
i
0.054¢ —_ _ %2

20 |

$1

D.17, D.20, and D.21, ¢1 and ¢2 are

(20 + 0) + B] = ¢o (1.047) ,

(20 + 0) + B] = ¢0

(60 + 40) + B] = ¢D

(60 + 40) + B] = LR

b3

20

+1.033 eMC

(0.953) ,

(1.033) ,

(0.967) ,

40

b6

—

0.01
%0

120 —> t(sec)

b5

+0.967 &

60

94

(D.22a)

(D.22b)

(D.23a)

(D.23b)

(D.24)
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For this case, the same steps performed in the case a, may be applied.
Thus ¢1, ¢3 and ¢5 are given by Eqs. (D.22b), (D.23b), and (D.23d) respectively.
¢2, ¢d’ and ¢6 are given by Egs. (D.22a), (D.23a) and (D.23c) respectively.

Thus, Eq. (D.24) becomes

w(e) = o (*2° 1)10.96 + 1.04 &0 + 0.973 0 + 1,027 &%
+0.987 "0 + 1.013 2100y | (D.25)
5. For an increasing damping wave.
Case a
v A
1 %5 _ _ —=T05

by

T"7T"1 "1 1 —>= t(sec)
$2
120

be
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The slope and the intercept of the line are now

_ (0.05 - 0.04) ¢o

M 0 , (D.26)
& - 0
B=0.014¢_, (0.27)
From Eqs. D.20, D.21 and D.24, y(t) is
o) = ¢°(eA20-l)[1.013 +0.987 20 4 1.027 M0 4 0.973 160
+1.04 &80 4 0.96 &MO0; | (D.28)
Case b
¥
JP e .U
4 b __Fm
2 P
0.01+—
LT

120 — 5= t(sec)

41

b3
bsg

Equations D.20, D.21, and D.24, apply again, therefore ¢(t) is

w(t) = ¢O(e*2°-1)[o.9a +1.020 20 + 0.967 0 + 1.033 %0

A100

+0.953 80 & 1.047 M99 . (.29)
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6. TFor step function at the end of irradiation.

1.:;5&

1.00

Case a

%0

100 120> t(sec)

The flux is ¢o’ constant, from t=0 to t=100 sec and represented

1100-1), for the step function, one can get from Eq. (D.6) for i=6,

as ¢o(e
the following
¢0(1.05)(e“2° s g0y (0.30)
Thus, Y(t) is now
A120_ eklOO) . (0.31)

o) = ¢ @1%1) + 5 (1.05) ¢

Case b

i |
b0

400 , --I = t(sec)
00 120

0.95'( 1

For a negative step, y¥(t) is

p(e) = o M0 - 1) + ¢ 0.95) (M0 - 00 (0.32)



98

7. For a step function at the beginning of irradiation

Case a
)
1.05
bo
1-00‘- ';' t( )
20 — t{sec
120
By similar deduction as in case 6a, we find
b(e) = (1.05)e_(*?0 - 1) + ¢_(M120 - &0y | (0.23)
Case b ¥ A
1.00 . '
. e L
120—’> t(sec)
0.95
20
For the negative step, Y(t) is
b(e) = (0.95)¢ (1% - 1) +9_(M20 - 320y (0.24)

ﬁy using all the equations for Y(t) described for the seven diffefent
wave-types proposed for the neutron flux, the activities of oxygen and iron
samples were calculated. In this way the samples normalized for neutron flux
were simulated and the next step was to find the molecular ratio of sample to
gample.

Because of the complexity of the possible combinations to produce
such samples and such mole ratios, a computer program was developed to
perform calculations. The main idea of this study was to find the
variations in the percentage error due to variations in neutron flux. Com-
puter results are presented in Tables 5.9 and 5.10 of Section 5 of this

work. The computer program is given in Appendix E.
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Typical Gamma-ray Spectra
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APPENDIX F

Printouts for Computer Programs



Oy Ot

- e e
PSS NEO

17
18

19
20
21
22
23
24
25
26
27
28

29
30

31

33
34
35
36
37
3a

OO0 QOO0 ONOOCw

OO

la¥aRalal

Joa

300

HOMy TIMF={ ,59) :
BRI R R IR ORI R IO oK R K Rk S R K
L] k.
- MOLE RATIO CALCULATION FOR OXYGEN CONTENTS *
® »
a9 R M S OO K R O O R
DIMENSICN APEA(4),TAINVI200},TRATIOI200),MOLERAL200)

DIMENSIDN TGREG(200)+TGDS{200) 4 APK (%) yWOLEL200)4Z1IGMA(200}

DIMENSION XNIRM{100) ¢X114%),Y1(4), YNORM( 100}
DIMENS1ON NAME(10Q)

DIMENSIDN KNAME(50)

DIMENS ICN KWHICHI50)

DIMENSION XM(2),T2(2)

DIMENS ION KPK(2)

DIMENSTION SIGMA(200) ,COUNTSIL1024)
INTEGER CHANN ,COUNTS

CHARACTER KNAME=1S

CHARACTER NAME*1S

REAL MwW.MWSAM,MOLERA,MOL

READ 50,KPK{1)+KPK{2}y ITDOTL,FELAMD
OXLAMD=0.693/26.8

READ 52,KKKEY.KAREA2

PR R RS ISR IR T 22 RS2 R P AR RS R el
wkekd KKKEY -~ NORMALIZATION #kkmdgmgnsk
*xwx KAREA2 - DESIRED AREA METHOD #kkws
W e o o o s o R o ek

TFIKKKEY.EQ.L)KEND=2
IF(KKKEY.GT .1 IKEND=4
ruRRY SRRk
#xs¥% DATA AND SPECTRA ARE READ LA ]
LETL B LA

0N 500 J=1,ITOTL

READ 1000,XM{1)4XM(2),T2(1).T2(2)

READ 62 ¢NAMELJ)

DO 300 L=1,KEND

READ 200, {COUNTS{L)y4Lul,y38)
IF({{1.6T+2).AND. [KKKEY.EQ.3})GO TO 300
IF{1.6T.2)G0 YO 2

KPEAK=XPK{ 1}

K=KPEAK=-5

CHANN=KPEAK #5

EI P L L LES 2 21 0]
k¥kkew LOCATION OF CENTROID Lt £l
Wk wkkd EEEFRkE

CALL FINMAX{COUNTS . K4CHANN, IPEAK)
IF{I1.6T.2}IPEAK=22

RN FEREBEHREETEN
#x3¥x¥ AREAS ARE CALCULATED BY TwWO METHODS bbb bbb bdt b
#2% ONE IS THE FIXED MINIMA AND THE OTHER TO BE SELECTED *wx*

whw

CALL AREA{COUNTS,1PEAK,SUMG)

IF(1.LE.2)APEA[1}=SUMG

IFLT.GTa2IXI(1)=5UNG

IF(KAREA2.EQal)CALL GREG{COUNTS ¢IPEAK,SUMG)
IFIKAREAZ.EQ.2)CALL AREALLCOUNT Sy IPEAK ¢ SUMG)
IFLILE.21APKL1}=5SUMG

IF(1.GT2)YI(1)=SUMG

CONTINUE

L2 1] e ok
w3k ACTIVITY/GM AND NORMALIZED FOR NEUTRON FLUENCE wa%

£k

106



59
60
&l
62

63
64
65
66
67
68
69
70
Ti
12
73
T4
15
16
17
78
79
80
al
a2
&3
B4
85
Bé
87
a8
89
S0
91

(s Xalal

(o Nalz

500
40

510

520

550

L *xe
TARMSw (APEA{LI*XM{2) ) 7(APEALZI*XM(L))
Y1=T2{1)*0XLAMD

Y2uT2(2) SFELAMD

YIEXP=EXP{YL)/EXP(Y2}
TRATIOUJ)sTARMS®YLEXP
TGREY=(APK{ 1) #XML2) ) /LAPK(2)%XM{1))
TGREG(JI=TGREY*Y LEXP

TGDS({J) ={1. ZAPK(L) ) # (1. 7APK(2)]}
TAINVIJ)={1./APEA{L) ) #( 1. /APEA(2))
T1FIKKKEYLNEL.2160 TO 500
XNURM{ 4) =X1{3}/7X1(4)
YNORMIJI=¥YTI{3)/Y1(4}
TRATIOULJI=TRATIOL J) /XNORMLS)
TGREGLJI=TGREGLJ) /YNORM( S}
TGOS(JYmTGDSIII#{1/YIL3)+L1./YIL4))
TAINVIS =TAINVIJI+( Lo /XTL3) )4 {1/XILS) )
CONT INUE

READ 51 +KREF

GO TO13000,519+510,142000) 4KREF

READ 60,KTOTy (KWHICH(I)},I=1,KTOT}

LL 24 LR
w&4% MOLE RATIO FOR SAMPLE/WATER OR SAMPLE/SAMPLE wke=x
E Lt e

READ &1y(KNAME(L) y1=1,KTOT}
IFIKREF.EQ.2)GN TO 520
INIT=0

LAST=0

=x%¢ | OOP FOR ALL AND EACH ONE OF SELECTED REFERENCES
D0 1500 I=1,X70T

PRINT 401

PRINT TOsKNAME(T)
IFIKKKEY.EQ.2)PRINT 75

PRINT 40%

IF(KREF,EQ.2)PRINT 400
IF(KREF.EQ+3}PRINT 403

PRINT 405

PRINT 410

IF{KAREA2.EQ.1)PRINT 423
IFIKAREA2.EQ. 1 IPRINT 424
IFIKAREA2.EQu2)PRINT 420
IF{KAREAZ2.EQ.2)PRINT 421

PRINT 405

KeKWHICH(I}

IF{KKREF.EQ.3)G0 TO 550

INIT=0

LAST=0

READ 1C0,KEY,NEXT,DESIRE MWSAM
IF(KREF LT o3 ) MW= MWSAM/ 1B.01534
1F{KREF.EQs3)MW=1.

IDES {R=IFIX{DESIRE)

PRINT 750,10ESIR

A51G=0.0

AMOLR=0,0

XAMOL=Q.0

XASIG=2.0

XTOT=FLOAT{NEXT)
IF{KEY.EQaD)XTOT=XTOT=1.



.52
93

55
96
97
98
99
100
101
102
103
104
105
106
107
108

109
110
111
112

113

114
115
116
1ir
118
119
120
121
122
123
124

125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

oo

[« X3 X2]

(s X208 2]

575

600
300

910

INIT=LAST+]
LAST=LAST+NEXT
DO 900 J=INTT,LAST

=¥k MOLE RATID FOR EACH SAMPLE OF SAME GROUP ¥%%s

IF(J.EQ.KIGD TO 900
MOLERA(J)=(TRAT IC{J}/TRATIOIK)) *M¥W
AINV=TALINVIJ) +TAINVIK)
SIGM=5QRT(ATNYV)
SIGMALJI=MOLERA(JI*SIGM
WOLELJ) =(TGREG{ J}/TGREGIK) J=MW
ASIGMaTGDS(J) +TGDS(K)
ZIGMALJI={SQRT(ASIGM] ) *WOLE(J)
IF{DESIREEQab6.0) AK=]1,.063
IF{DESIRE.NE.6.0)XK=1,2
HOL=XK*MOLERALJ)
LIGM=XK*SIGMAL J)
XMOL=XK*WOLE(J))
YZIGH=XK*ZIGMA(J)

=kee [F MOLE RATIO IS KNOWN, X ERROR IS CALCULATED s*%

IF(DESTRE.EQ.0.1GO TO 575

XERROR=( {DESIRE-MOL )*100.0) /DESIRE

ZERROR= { [DESIRE~XMOL)¥100.0)/DESIRE
IF(DESIRE.EQe b JPRINT 4504 NAMEL J) yMOLERALJ) »SIGMALJD
IWOLECJY » ZIGMALJ) o MOL 4 ZIGM o XMOLs YZ15M, XERROR » ZERROR
IF(DESIRENE-d. )PRINT 451 ¢NAME(J) ¢MOLERALJ) STIGMALL)
1WOLELJ) ,2IGMA(J) + XERROR ZERROR

AMOLR=AMOLR+MOLERAL S}

WL=SIGMALJ)¥*2

ASIG=ASLG+W]

XAMOL=XAMDL+WOLE (J)

W2=2IGMALJ)we2

XASIG=XASIG+W2

IF{DESIRE.EQ«0.01G0 TO &00

GO TO 900

PRINT 405

PRINT 1300 ,NAME(J)MOLERACJ),SIGMALI)WOLELJ),ZIGHALY)
CONTINUE

TRl LT

®#¥¥% AVERAGE VALUES ®%u¥

Ak Kbk

AMOLR=AMOLR/XTOT

ASIGMA=(SQRT(ASIG)) /XTOT

BMOLB=XAMOL/XTOT

BZIGMA={SQRT(XASIG) I/XTOY

IF({DESIRE.EQ.0.1GO TO 910

XMOL=XKwAHOLR

XZ1GM=XK*ASIGMA

YERRDR=({ {DESIRE-XMDL)*100.0) /DESIRE

YMOL=XKwBMOLB

Z11GM=XK*BZ IGMA

WERROR={ (DESIRE~YMOL }*100.,0}/DESIRE

PRINT 407

1F(DESIRELEQs 0s ) PRINT T10,AMOLR ASIGMA ,BMOLB+BZIGMA
IFLDESIRE«EQ.04)GO TO 920

IF(DESIRE«NE«6.0)PRINT T05,ANOLRyAS IGMA,BMOLB,BZIGMA
Ly YERROR s WERRDR
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140

14l
142
143
144
145
L46
147

148
149
150
151
152
153
154
155
156
157
158
159
160
161
182
163
164
165
146
167
168
169
170
171
112
173
174
175
176
117
178
179
180
181
182
183
184
185
186
187
188
189

190

i91
152

920

950
1500

3000

(a2 XsXal

3200

3250

IF (UDESIRE.EQu6. JPRINT 700,AMOLR, AS IGMA,BMOLB,

LBZ IGMA ¢ XMCL o XZIGMy YMOL ,ZZ IGM, YE RROR yWERROR

PRINT <07

PRINT 405

IF{LAST.EQ.ITOTLIGO YO 1500

IFIKREF.EQ.2)G0 TO 550

CONTINUE

GO TO 40

READ 60,KTOT, IKWHICHI{I) 4121 ,KTOT}

CTT T Lia i 28] 4]
whEkE EACH SAMPLE WITH ITS OWN REFERENCE w¥#wdnuixs
suxkdd  GROUPS OF SAMPLE AND REFERENCES REQUIRED »x»3
EEERES L2 1
PRINT 401

IF(KKKEY.EQ.2IPRINY 75

PRINT 4Q5

PRINT 400

PRINT 406

PRINT 405

PRINT 410

IF{KAREAZ.EQ.1}IPRINT 423

IFIKAREAZ.EQ.LIPRINT 424

IF(KAREAZ.EQ.2)PRINT 420

IFIKAREAZ.EQ. ZIPRINT 421

PRINT 405

DO 4000 I=1,KT0T,2

K=KWHICHIII =1

L=KWHICH({I+1)~]

READ 1004KEYsNEXT,DESIREyMWSAN

MW=MWSAM/1B.01534

IDESIR=IFIX(DESIRE)

PRINT 750, IDESIR

XTOT=FLOATINEXT)

AS1G=0.0

AMOLR=0.0

XAMOL=0.0

XNASIG=0.0

DO 3300 J=1,NEXT
HDLERA(JlstTRAT]DIJOK)IYRATIDIJiLIIUNH
ASIGM=TAIMNVIJ+K) +TAINVIJ+L}

SIGM=SORTIASIGM)

SIGMA(JY=MOLERA{ J}*SIGM

WALEL W= ITGREGIJ+K)/TGREG(J+L ) ) *Mu

ASIGM=TGDS( J*KI+TGDS{J+L)

LIGMALJ)=(SCRTIASIGM) J*WOLELJ)
IF(DESIRE.EQeb.0)XK=1,063

IF(DESIRE.NE«b6.0)XK=1,0 L
MOL=XK*MOLERALJ)

ZIGM=XK=SIGMA{J)

XMIL=XK=WwOLE(J)

YLIGM=XK»ZIGMALJ}

IFIDESIRE.EQ.0.)GO TO 3250

XERROR={ (DESTRE=MOL}*100.0) /DESIRE
ZERROR=[(DESIRE~XMOL)*100.0}/DESIRE

IF{DESIRELEQebs )PRINT 450,NAME( J+K) JMOLERA(J) +SIGMACLI)
IWOLE(J) s ZIGMALJI ) 4 MOL » ZIGM 4 XMOLy Y2 IGMy XERROR  ZERROR
IFIDESIRENEwGa JPRINT 451 ¢NAME( J¢K) ¢MOLERA(J) o SIGMALS)
INOLE(J) s ZIGMA[J} o XERROR+ZERRGR

AMOLR=AMOLR#MOLERA(J)

Wi=SIGMA{ J)*#*2
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193
154
195
196
197
198
199
200
201
202
233
204
205
206
207
208
209
210
231
212
213
214
215
216

217

218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

234
235

236
237
238
239

240

241

242

ASIG=ASIGHW]
XAMOL =XAMOL+WDLE { J)
W2=21GHALY ) vk
XASIG=XASIG+NW2
IF{DESIKELEQ.0,0)GD TD 3400
GO TD 3300
3500 PRINT 405
PRINT 1300 NAMECJ#K ), MOLERAL LY » SIGHAL ) #MOLEL D)} 42 1GMALDD
3300 CONTINUE
AMOLR =AMOLR /XTOT
ASIGMA=(SARTIASIG)I/XTOT
BMOLB=XAMOL/XTOT
BZIGMA=(SORTI(XASIG)) /XTOT
IFIDESIRELEQ. 0. 160 TO 3700
XMOL=XK* AMOLR
XZIGM=XK#ASIGMA
YERRDR={ [DESIRE=XMOL)*100.,0)/DESIRE
YHOL=XK*BMOLE
2ZIGM=XK*RZ IGMA
WERRDOR={ {DESIRE=~YMDL)*100.0)/DESIRE
3700 PRINT &07
IF(DESIRE.EQu0. IPRINT 710,AMOLR,ASIGMA,BMOLB,BZIGMA
IF{OESIRE.EQ.C. GO TO 3800
IF {DES!RE.EQaba)PRINT TOOsAMOLR,;ASIGMA,8MOLB
LAZLGMA, XMOL pXZIGM Y MOL 22 1GM YERRORyWERROR
IF(DESIRE.NE. 6. 0)PRINT TOS5,AMOLRyASIGMA,BMOLB,BZIGMA
1+ YERROR, WERROR
3800 PRINT 407
4000 CONTINUE
GO TO 40
2000 PRINT 405
PRINT 401
50 FORMATI3[2X4[3)+F10.7)
51 FORMAT(I11)
52 FORMAT(TLl,2X,11)
60 FORMAT(13,1013}
&1 FORMAT{5A15)
&2 FIRMAT{ALS)
70 FORMATI2X,*REFERENCE 15'4,10X.AL5)
75 FORMAT{5X,*{DATA NORMALIZED FOR COUNTING TIME BY A PULSER}'}

100 FORMATIIL+2Xe13+2XsF3.002X4FT7.3)

200 FORMATIBX,1216)

400 FORMAT (30X, *RATIO OF ACTIVITY OF SAMPLE TO DISTILLED WATER (*,
L'GM-MOLE BASIS)')

401 FORMAT('LY)

403 FORMAT(36X,'RATIO OF ACTIVITY SAMPLE TO SAMPLE (¥
1, *GM-MULE BASIS)*)

405 FORMATI* )

406 FORMAT{7X,*EACH SAMPLE HAS ITS DWN REFERENCE')

407 FORMAT( 17Xy 2( " 5 19X, ok d o 20X) 5 93,140, 14¢ 1)

410 FORMAT(L17X, 9%? 10X, *0BSERVED MOLE RATIO® 12X, **%, LOX,
1*CORRECTED MOLE RATIO"411X4'%1',11X,*'% ERROR')

420 FORMAT(3X:'S A M P L E"o3Xg20 %%, 30, 'BY FIKo MINe "o3X, 7850 ,4),
1TBY MINIMA ¢ 4X)"* 91X, BY FIX, MIN.T LX, " %79 1K,
293Y  MINIMA )

421 FORMAT{LTX Z{9%® 86X T POINTS j6XK, 0wt 56X, *VARIABLE®y6X)
100,307 POINT® 94Xs* %% ,3X' VARIABLE")

423 FORMAT(3X. "5 A M P L E®,3Xe2{ "% ,3X,'BY FIXs MIN. ",3Xp'%%% 4%,
1'BY GREGDRY 5" ¢4X)e®%? ;1Xo"BY FIKe MINS"plXot¥xt,1X,
2°BY GREGORY SY)
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243
244
245
246
247
248

249
250
251

282
253

2 5%
255
256
257
258
259
260
261
262
263
264
265

266
267
268
269
210
271
272
2173
274
275
276
217
2718
279
280
281
282
283
284
285
286
287
288
289

424 FIRMATILIX g2( "% o6X o "7 POINT " y& Xy "0, 6X, "EQUATION Y, 6X) ¢
Low Uy 3X, "7 POINTY p4Xp %% 33X, YEQUATION? )
450 FORMAT (2XyAL5 20 %% g IXaFTa3p1Xs "1 " g IXsFTe3o )%t 2%, FT,.3,
LLX " ("9l XoFT7a30® )70 o® % ;33X FTu3 %Xy " *®1 33X, FT.3)
451 FORMAT(ZXeALSy "% 1 1N FTa3y1Xa Ut gl XyFTa3 o)t (2% FTu3,
LLA " (Y o Lo FTa3et )% Ll Xtw? 3Ky FT oI el 20! 3N, FT43)
700 FORMATU 7Xs*AVERAGE =" gL X92(2XoFTa3 91X (* p1XsFT.3,%)0,;4X,
LFT7a33 1% " "o 1XsFTe39 ' 1) 14K sFTe339XpFT.3)
T05 FORMATETX,*AVERAGE =" g IXo2XoFT o3y IXe® (Vo hXeFT23,° )%, 4K,
LF7a3ylXe "'y IX FTad ") 406X FTa3,9X,FT.3)
710 FORMAT[TX,*AVERAGE =% 1Xe 2XyFTa3y Lo " { "o 1XoFTa3 o) ? 4%,
IF7e39 10Xyt ( "3 1XsFTa3,"1%)
, 150 FORMAT(2X,"EXPECTED MOLE RATID =%,2X,13)
1000 FORMATIZIFT.4% 43X} 9F6a043X,FT.0)
1300 FORMATIZXsAL15¢"®* L XoFTa3 1 st (" gL X oFTa3,")%80 2% FT.3,1X,
LY 1XyFTe34* )% 3Xy *IFRACTION OF OXIGEN)')
sTOP
END

SUBROUTINE TO FING CHANNEL OF MAXIMUM

[aRa N3]

SUBRNUT INE FINMAX{COUNTS,K,CHANN, [PEAK) -
DIMENSION COUNTS(1024%)
INTEGER COUNTS, CHANN
LARGE=COUNTS (K]
IPEAK=K
DD & KK=K,CHANN
IF(COUNTSIKK) LE.LARGEIGD TO &
LARGE=COUNTSIKK)
IPEAK=KK
6 CONTINUE
RETURN
END

c *xaekx AREA USING GREGORY'S EQUATION ##skmk

SUBROUT INE GREG{COUNTS, IPEAK :SUMG)
DIMENSION COUNTS{1024)
DIMENSIDN FACTRE4):DELT(LO24)
INTEGER COUNTS
DATA FACTR/.083333,.041667,4.026389,.01875/
SUMG=0.0
MINX=]PEAK-T
MAXX=TPEAKH2
NP Z=MAXX=-MINX=1
NPL=MAXX-M]NX
DA 25 LL=MINX,MAXX
IX=LL=-MINX+1
DELT(LIX)=COUNTSELL)

25 CONTINUE
DO 100 JJ=MINX,MAXX
PTS=COUNTS(JJ)
IFIIJJEQ.MINK)LOR (JJEQ.MAXX) JPTS5=PTS/2.0
SUMG=SUMG+PTS

100 CONTINUE
IF(NP2.GT.4)NP2=4
DO. 150 JQ=1,NP2
DO 125 JP=1,NP1}

125 DELT(JP)=DELT(JP)-DELT{JP+1)
SIGN=(~1.0)%%JQ
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299
261
292
293
294

295
296
297
298
299
300
301
302
303
394
305
306
307
308
309
310
311
312
313
314
315

3lé6
37
318
319
320
321
322
323
324
325
326
327
328
329

330

331
332
333
334
335
336
337
338
339
340
34l

[aXaN2]

a¥aXal

150

400
500
600

50

51
52

60

112

SUMGaSUMG-FACTRLJQ)®{DELTINPL)+SIGN*DELT(1))
NP1=NPL~1

CUNT INUE

RETURN

END

wxdkh (21l
#saxx AREA ABY FIXED MINIMA METHOD *#$x

s e mok LAt ]

SUBROUTINE AREAICOUNTS ¢LPEAKSUNG}
DIMENSIUN COUNTS(1024)
INTEGER COUNTS

INTEGER 5643545UM43
SUMG=0.0

Né=1 PEAK-S

N&=IPEAK=3

N3=[PEAK#3

No=IPEAK+S

$6435=0

SUM43 =0

DO 400 K=N6,N&
§6435=56435+CUUNTSI(K)

DO 500 K=N3,N5
56435=56435+ COUNTS(K)

DO 600 K=N&,N3
SUM43=SUM43+COUNTSIK)
SUMG=SUM4I={T.%56435)/6.
IF{SUMG.LT. 0.0} SUMG=5UM43

RETURN

END

LA Rk
*4umx AREA BY VARTABLE MINIMA METHOD ¥
W oH Eugn

SUBRDUTINE AREAL(COUNTS,IPEAK,SUMG)
DIMENSION COUNTS(1024)
INTEGER COUNTS
L1=IPEAK-1D
IF(LL.LE.QILL=]
L2=IPEAK=3

ISERIE=0

DO 50 I=L1,L2
ISERIE=TSERTE+COUNTSIT)
SERIE=FLOAT ( 1SERIE)
SERIE=SERIE/B.
SERIE=SERIE+SQRT{SERIE)
Ll=L1+3

L3=]PEAK=2

NégaLl

DO 51 I=L1,L3
IF{COUNTS{1).6T.SERIE}GD TO 52
Né=]

CUNTINUE

N&=N4=2

LL=IPEAK+3

L2=IPEAK+10
IFIL2.GT.356)L2=36
I1SERIE=D

DO 60 I=L1,L2
ISERIE=ISERIE#COUNTS (1)



342
343
344
343
146
347
348
349
350
351
352
353
354
355
356
357
353
359
360
361
162
363
364
365

61
62

70
7

12

" SENTRY

SERIE=FLUAT([SERIE)
SEAIE=SERIE/B.
SERIE=SERIE+SORT{SERIE)
L2=L2=3

L3=1PEAK+2

N3=L3

DO 61 I=L3,L2
LF(COUNTSIT).LELSERIEIGO TO 62
N3=1

CONT INUE

NS =NI+2

TN=N3=N&+1

B5UM=0.0

SUM=0.0

DO TO K=N6,N&
BSUM=BSUM+COUNTS [K)

DO 71 K=N3,N5

BSUMa BSUM+COUNTS (K )

DO 72 K=Nb,N3
SUMaSUM+COUNTS (K]
SUMG=SUM=(TN®BSUM) /6.
1F {SUMG. LT+ 0. 0) SUMG=SUN
RETURN

END
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- R R R S

——
LS R W A o]

13
14

15
L6
17
18
19
20

21
27
#3
2h
25
26
27
24
27
30
31
iz
31
34
35
30
37

EL]
39
40
41
42

(2R Xnl

xRale)

[ Ea il

ann

100

200
300

EEEER LT L
FHaey THEIRETICAL MEUTRCN FLUX AEHAVIOR fhxtaw
Ay LE SR 2

DIMENSTICH L{102) M (200}

DIMESSION QUITH,N20 T, TLL T F20T),RATIOC10Q)
REAL MPX,NFE

DATA CGENXLDEFE JAVIEG/D.2E=2792.71E=24,6.023E23/
DATA AR, FLUX/0.01,0405,143E127

A1 7,654

ALMN=2,586F=02

ALFE =T 4A7 =05

AFEa59.93693%

SM=4,/{100.%120,)

MOX=AVIG/FAMX

NEE=AVIIGZAFE

wegw ko
w«ox OATA FOR CXYGEN AND [RON ¥
ok L LA

ACTOX=LIDTOXENIXI/ALOX ) L SXPL-ALOX 1204 0)
ACTEE=( (OFFLrLFEV/ALFEFCLEXPI-ALFE12).))
b | %

®a ACTIVITY/GY ##

3 e

N 300 K=1.2

IFIKLEN L) Y=AL0X

[E(K.TOL2)Y¥=ALRY

07 200 J=2y2

TF{J.FO.2)X=A

1FLJ.FOa3) X=R

* %

=x FLUYC TYPE SAUARE wAVE 2 AND 3 ARF GENERATED =@

e

CALL SUHL{X,Y.FA,F)
[FIK.CN2)6L TN 100
N1{J1=FA

N2(J) =8

GG TN 239

FLLaY=F0

Fzin=rl

CONT INUE

CAnF Mo

N0 K0 Kaly2
TR{X.IN0.1}Y=ALDX
1F({K.fwu.2)¥=ALFE
S4==5M

NN 530 J=4,5
IFIJ.Eda b X=n
IFLI.EN, DY X=A
TFlJeFlaB)5M=~5M

ye¥

eke FLUX TYRFS DECKTASING (4) AN INCRPEASIHG
LR

CALL SUM2IX.YySMaFA,FR)
[E(K.FN.21GD TO 400
M1(J)=FA

120 J)=FR

30 T4 300
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41
44
45
13

47
%48
49
50
51

52

53

55
56
57
58

59
&1
6l
LY
63
b4
45
66

58
49
70
71
T2
T3
T4
15
I6
17
78
79
80
81
g2
83
B4
85

86
AT
aa

2 ke ln]

sl aNel

490

5
632

FL{J)=FA
F2UJ)=F8
COMTINUE
CONTINUE
LT

*¥r&

dke ACTIVITY/GM FOR FLUX TYPE | (CONSTANT) AMD & AND 7 (STCP) *%x

L&+

DLILY=ACTONH(EXPLALUR%120,)-14)

TLCLE=N1LL)=FLUX

FLIL)=ACTREA={ FXP{ALFE®120.])-1,.)

FLO1)=FLlE1AFLUX

AUSI=FLUX {{FXPLALDX=1ID, 1=, +#( 1. #B3}2(ZXP(ALOX120.)
L=FXP (AL 1K Luda)))

D206 =FLUK LLEXPIALCXR=LUD =1 #{ 1., =8) ¥ (EXO{ALOAX:120,])
1=ZX24ALUX=100. ) ) )
FLIAY=FLUA#LLEXPTALFERLID ) =10+l La#B8)-{EXP{ALFF*>120.)
1-5XPTALFEY10T4010)

CF2EAIETLAN A FXPIALFER L) -1 o)+l La=3 " [EXPLALFER L2N.)

700

Aol

1-FXPLALFE~1uUD)))

Ahk

DU =T LU (L1 # B« CEXPLALDXR20, ) =1 )€ (EXPIALIX*L20, ) -EXPIALOX,

1%29,0)) )

D20 =V LW {{{Lla=RI*TEXPIALCX Y200 b=1a ) HIFXPIALDX= 120} ) -TXP(ALOX

I=21.31))

TP =PL UL I L FBIA(F{PCALFE*20, b=1a) ¢ (EXPIALFE® 1204)-3XP(ALFE

1#2J3.11))

FROTY=PLUX~{[(1.~B)e{EXPIALFE*20,)=1. )+ (EXPLALFEXL20,)-EXP{ALFE

1:23.111)

o oTo0 J=2,7

AL Ir=N1 L)) =ACTOX
32001 ="20J)*A0TIX
FLEJY=FLLIV~ACTFE
F21J}=F20J1=ACTFE
CONTINUF

PRINT 1300

PULYT LSO0

TRINT 1900

PAINT 1709

P2INT 1530

PRINT 1041

PRINT 1900

PAINT 1002

PRINT 1900

PRINT 1100

PAINT 13D

PAENT 1209,01
PAINT L3I (02000 4d=22,7T)
DLINT 14UN,F1
PRINT 1390,(F20.00,J22,T)
PRINT 1902

PRINT 162D

PAINT 1909

PRINT 1613

PRINT 1620

PR2INT 1630

wuw THEDR, SAMPLES WITH NUSTWCY FLUENCE CORRRECTION #%»
07 A01 J=1,7

LiJy=J
PATILLIN=OLLIN/FLESD
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89
20
91
92
93
94
95
95

139

140
141

[z Ealal

DO 302 J=2,7
LISty =6+d
302 RATEIA+J)=020J)/F20 L)
PRINT 15%0, (LINY Ay Ny RATIOIND yN=1,4)
PPINT 1652, CL{%) N N RAYIO{NY (N=5,T)
OPINT LOST  ILINY yN=-6pN=5, RATIGIN] yM=8,11)
PRINT 1854, {L{N) yK=6,N=A, RATIU(N) yN=12,13}
PRINT LOUd

Tk tERRk
®*¥% THEOR, "MOLE RATIIM w¥ex
ke A

PAINT LR0D
PRINT 1930
PRINT 1709
PRIMT L1701
PRINT 1900
BRINT L720
CPAINT 1639
K=1
DO R&D [=1,13
00 A5G J=1,13
TFUJLED VG T 850
FOUND=2ATIN(TI/RATIALI)
TRPAC=(1,=FUUND) v L0D,
TRIK.EQ.45)6D 10 suo’
IFIKLEDLANGD TA &30
IF(K.F2.129)60 10 900
A1a PRIHT 17501 dFDUND  ERRDP
K=¥el
GO Tn asQ
apn "Iyt 1800
PRINT 1990
PRINT 1900
BRINT 2009
PR INT 1630
a0 11 Blo
A5 CONTINUE
R610 CINTINUE
PEIMT 1309

L0OY) FORYATUIX, *PART A:  THEOQRETICAL ACTIVITY AT END MF TRRACTATI'INY)

1001 FRPWATLI2X, 12X " TARLFE 5.6  RESULTS RY ASSUMING WAYE FUNTTIZH
PPREAVENR FOR Tt MEUTRON FLUIXY)

L10O FARAAT (X, "M¥ONY, 3, PELUX TYPE 11 ,6X, 'TYPE 20, 10X,"'TYPL 3°,
11U " TYPE @' oLlUX,"TYPL 5% 410X, TYPE 6',LIX*TYPE 71)

1200 FORAAT LRy POXYO, 2N PAY TI2X,514%.4]))

1309 FUPHATIAXS U h16X,A({2KsE1G AT ]

1400 FRRAATIIR, "IN F42X o' A1, TI2X,Fl4.6))

1600 FOUMAT (YD, 'PALT A ACTIVITY / GM FNR WOXYGEN® SAMPLESY,
1Y “MIEFALTZED FOR THF NEUT2OH FLUENCEY)

16170 FOTAATILX, *RATT I p4{2X, "SAIOLFY 12X, 'PATIO ,15X) )

Lh20 FURMATILX "MOUEY o 1Ko 4l 30, "ila Vo 4%y " TYPE 14Xy PACTIVITY ) 4X) )

1630 FOPMAT(' 1)

1647 FOPAAT LI *ATAT 4l 6X 124X, 11,

1652 FOAMATIAXe30EKs 244X T1 " 30411, LXyFlaat))

165 FIOLANTLLX "R it 440 AaX 12,4X,T1," 3" ,11,1X4F14.6)])

LAS4 FOAMAT A2 16Xy 124X Tl 87314 144Flbabll}

L700 FOIMAT{IX,* TAHLE S.10 THEJRETICAL MOLE RATID FOR SAMPLE(I)',
LY T SAMPLE (J43.')

1701 CORMATILISX,"EXPICTED VALUE IS5 1:1°%)

1720 FOPMAT(14X, "1 2 UV, 14X, RATION 142, FRANRY]

L TR F L Y. T N ]
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142
143
144
145
146
147

143
149
150
i51
152
153
154
153
156
157
158
159
1630
161
162
163
Lb4

165
1 66
167
163
169
173
171
Lr2
L7
174
175
176
17!
L1
L79
1&d
1Al
132

17159
1300
1900
2009

102

53

140

LENTRY

FORMATIRX 4 aXeI292X 30 42N 1249%,F3.6,11X,F.3)

C:}R'-‘\T!'II)

FOAMATLI-)

ENAMAT(Y 1,3%,*TARLE 5,10 (CONTINUED)Y)
$13p

EMD

SHARCUTINF SUMLEX Y FA,F3)
NIENSTIN T{19}

FLUX=1.,8F12

Ti1)=0.

FA=F=0,)

DL 12,7

TULI=T(L-11+20

2T LUXMIFXP LY TI I =EXD s (I=-10))

FLEELERa3)aPR (L EQ.S )N ITLEC.THIGD T 50

FA=FA+TE(] o +X)
Fi=8842v(1.-X)
GO T 199
FA=FA&Z=(1.-X)
FR=FR+] (L.tL)
CONTINYE
AETUAN

END

SUSAINUTINE SUMIIX,Y SV, FA,FB)
ATACNSTon THLD)

ELUX=]1 . AL 2

Til)=u.

FA=FR=D.Q

NN 100 [=2,7

TUDI=TEE-11429

Lar X e (AT Oy =Eery*1(1=-1311}
AsLSM(TOI I TEI=h) B2, 04X

PELI T 0a3) 02, LL4E0.5).0F (142070160 T2 50

FA=FA$Z2{1,+W}
Fli=FReZ “(1.-W)
37 ™ juo
FA=FACRLI L. =W]
EP=FR+Za(l,.¢W]
CONTINUE

RF rRN

END

117



118

AFPENDIX G

Printouts for Nova Computer Programs



a0asa
pAAS]
ages2
anass
AP 54
AAASS
AA@s6
aees?
olad gl
aeael
2aaee
PPAE3
geaca
GORES
eraee
paa &7
pasTe
2887)
eper2
p@eTs
aea74
P3a7Ts
aeaTé
eea7?
eo102
ap1e1
goi1e2
po123
pel1o4a
pe1@5
pR1a6
aa107
ge110@
#a111
ge112
pe1L3
getla
ga1ls
gol1é
aai17
o129
gatel
an122
pe123
ag124
aat25s
gRL26
ag127
00138
Av131
#2132
PB133
ge134
Aa135
PB136
Aa137
Ag 140
datal
e142

182440
a42a75
20876
Qap@ce
n22¢208
ABELT3
A24147
1@6414
ePAeE sS4
126448
BA6174
Pe6173
Aa34243
116415
app2ay4
#34150
@3@151
1420833
116832
peel és
PB@152
2eR17E
peeaT?
nepeee
aga124
gaettl
ABaL115
gaeias
peea4ad
ega11l
eaal1é
oA 40
fee123
gee1es
Pe0103
peedl2
pgaEdl s
2Pe050e
gae1es
geellé
peeLa4
220840
dea127
aeg11@
ee@111
gad124
Aaea4a
Pa@1P3
gaeiral
gaelze
poR122
ged1ll
Azp1a1
naa1a7
AB@1@5s
aooe 40
peatez
pEd1AS
eeal124

sTa
LrA
cTA
LA
J SR
L™A
syes
JMP
AT
ATD:

ZTIMT
ASH:
+ASK:S

..‘*.
we
ng
wE
4@
'.!
'lN
40
(1] s
'.'E
'Ic
12
15
e
v
"y
l'v
49
oy
"wir
e
i
40
llf:
"A
l.‘P
"R
'.E
“a
e
"o
40
'.R
‘.F

l'l?

gnen 7,0

0, ®ZTIMT 119
#, ASH

A, 2o SAVTC TNARTMTMT
A,820, 0

a,rvyope

1, QAL

a3, laSZ‘F! 3TYDENR M3

o =4 SND,

sS1eEn 1,1

JSRn a,fTT QTT &
JSR &, TYPET ;E°CHO 4
LTA 3,°R

S s @,3,85MR sEN™?
JMP nTeEAT 3YES

Lra 3,763 3 @™
LrA 2,071 ve”

ADCZ S 2,8,5N7 ;SKIP IF > 9§
ADTZ S @,3,527 3SKIP I!F > OR = @

JMP RpDa JNO DE2IT OR CR.
JMP =NES

TIME

« ASK

o



FA144
20145
2A146
a8147
20150
28151
Aa152
2@153
00154
@155
2@156
ee157
a1 ée0
ARA1€1]
pa162
?81€3
2@1¢€4
@@165
PB1¢&6
#0167
eal174
ag171
aal1re
#a173
aa174
Aa17s
Aa176
aa177
20200
pe201
aa2e2
28283
pe264
eaz2es
agzeé
gaz207
ae219
pe21l
as212
paz213
aez214
aa215s
ag21 €
aa217
pg229
gez2!
ag222
pe223
p0224
pe22s
paz22é
26227
fo238
86231
g@232
P@233
pa234
A@235
pe23¢

pea122
agal1é
Areas]
PaARTS
PAAY €q
gaea7!
@34150
162400
152440
234172
254201
133000
g14201
ppals?
11306@
145@00@
fee@ ez
#20202
PPE173
az2a172
FBELT3
aepe sl
geaa12
P00B34¢€
ARA3Sé
17TTTTS
gogene
z2eeoc7
gaeeay
onee 12
geear?
goenls
34172
#54201
152440
133200
A142@)
eee2e7
@asat7é
p2@177
236175
gP6173
151404
#ae215
g2e17¢
p4g200
17€520
8e@231
@7€631
ped) 3l
@e3€631
gae22s
1524480
102440
163000
@ &636330
@7183@
ged] 3@
963539

" p
Ilr‘l

ey

TANAL: =
6l éa
~71: 71
TYrs: LTA 3,760
suyo 3.9 30UT ASTI! TpoTE
sie=0 2,2
L™A 3,LF im 10
STA 3,77
AN 1,2 3 CONVERT TO DINARY
nsz 7 j& TN "DECIMAL MY POSITION
JMP =2
ADD 2,2
MoV 2,1
JMP AC2 JNELT NUMOER
TRROC: LTA @,WVHAT
JER a, TYPE 3 '2%
LA P.,LF
JSR a, TYp®
JMP A7] JAET TIME ACAIN
LF: 12
« TYPE: TYPE
«2F%Ts neT
THREL: -3
TIM®y ]
BeLL: 7
TIMEl: @
T 12
THAT: iy 4
~R: 15
ATENT: Lna 3.,LF
STA 3,77
Srren 2,2 ‘
ADD 1.2 JMULTY¥PLY 2Y TEN
YA 7
JMP ® ‘2 .
i STA 2, TIM® $TOUNTENT TIMT REATY
START: LTA @,2=LL
LTA 2, THREE
J SR a, TYPE
N7 2,2,82ZR jRINZ DBFLL 3 TIMES
JMP =2
LDa @, TIME
STA @, TIME]
sezL 3,3
NMEQT TNTRL
noe 3, TMTRL
MIODS ~NTRL
SKP™ ~NTRL
JHP [} "2
sy=eo 2,2
gsnep 2,9
CLTAR: ATT 3,0 3TLTAR NS €36 MTMORY
narn 2, TAT
™A 2, ™Af
NInS nrac
SKPBZ nan



naenm
Ag2 41
AA242
@243
Q244
aa2as
@g24¢
ga247
AE25p
peesl
aa2s52
AF253
28254
a255
pazseé
AaAz 57
@a2¢6@
@261
@262
20263
AA2¢e4
BA265
QA2 &€
da267
ge27a
pazrl
gagz7e
pE273
aa274
fga27s
RaA27 6
aaL7?
ol pelvdr)
geaal
a3z
AR393
20304
o305
aa30¢6
20307
29318
pE3t1
daalz2
Pa313
22314
paalLs
pe31é
@317
gelss
@@ 321
pB322
@a323
p@324
paazs
20326
pa3a7
@330
@m331
pe332

#14341

AeA232

Pep23]
@2e342
49341
192440
185408
262031
AéT831
PESBL4
#€e3731
pPa2ss
paB2s2
2edll4a
B€E3EL4
geazse
314208
@p@2ass
@ep23l
a6aa77
ae@a7y
Zel3632
AdB2E6S
@€@333
A63632
e@a278@
@3B8344
1@2522
@24337
262231
A€3531
aAA276
g71R3@
Becaza
peaety
aea@aT?
@e@231
BeaaTT
@29343
@gez2131
@e353!
288316
#e@131
@63631
agne3l2
Pe3T31
Paa3ls
Ae@231
A e@BT?
Qe@222
aeBaTT
a2a344
P24340
1P €415
aea333
A24345
le760@
a44344
r@@213

nsz
JMp
nien
LrA
STA
suyee
N7
a0 Lo
pac
nOA
SKpDZ
JMP
JMP
NIQS
SKP™
JMP
neZ
JMP
MEOe
MO0
NIO
SKP™
JMp
RAP:
SKpMN
JMP
LTA
suy=zL
LA

e 2ol
SKpPRZ
JMP
noA
non
MYO
MID
NTQ”
NID
Lra
npB g
SKPRZ
JMP
MEINS
SKP™
JMP
SKpnZ
JMP
MEOT
MED
NEIp®
NETR
LA
LTA
sSHoa
JMP
L™A
ADD
STA
JMPp

~UANN
rLTAR
~HTRL
@, THANML
A, THANN
9,9

8,1

@, CNTRL
ls TMTRL
l, RT?
“NTRL

o =2

9"'2

RTC

RTC

e=1
TIMFEL
c"q
~NTRL
~pn
cPU
MYSS
o=
NipPp
MISS
o"'l
2,INIT
2,8

1, TARE Y
@, TMTRL
~NTRL
o=1

2, PAT
1, AT

~Py

ren
NTeL
TPy
@.MeouT
@, "NTRL
TNTBL
a=1
"NTRL
TNTRL
-"‘2
"NTRL
o"l
“NTRL
~fprr
NgMa
cpn

@, INET
1, ENDTE
@s1, SNR
BraTH
1,TIP
Pal
1,INIT
START

;=409 6

3SHIP NEXT INSTRUCTION UNTIL AN
3 STARTS THE NS-63€ ATTIMULATING

5 SIGNAL HAS ARRIVED

JNECREMENT TIMT

JMAZ. TAPT AVATLAPLE?

MPER JWRITE FILE

3 TIRST TAZWORD

3i=1709028

JNEXT SPECTRUM
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Be334 102440 S120 2,7
@@335 4B344 STA @,rTMIT
PP33€ APB213 JMP START
Ga337 enoPRA TAZ3I: @
P@A340 170QB6 TNDTZ: 170000

#G@a31 TNTRL=31

PPQ33@ TAT=30

pepe22 NSM2=22

geea32 MrsSsS=32

#P0a33 MPYR=33
00341 Gla@d¢ THAMM: 10000
P@342 010093 THANL: 10020
#0343 0Q0P@B5 M3CUT: 5
AB344 210000 INIT: 12000 3 SYMBOLIC | (FIRST TAZWORT)

122

PP345 210006 TIP: 16000 3} SAME
P@346 PS4354 TYPE: STA 3, =Xt
#2347 2€3511 SKPRZ TTO

@a350 #BP34T JMP o=l

P@351 @61111 TLAS @, TTO

P@352 @A2354 JMP ATXITI

BB353 AB@B1 7T MASKI: 177
PA354 06A00A TXITI: @
@@355 QPeRadd TXIT3: @

B@35¢6 854355 2ET: STA 3, EXET3
ge357 @6@11@ MIOS TTY

PB36A AE3618 SKPTW TTY

PB361 @PBI3EB JMP =1

FO362 AEAGIR TIAT @, TTE

P@363 A34353 LTA 3,MASKI

@364 | 63480 ANT 3,8

PB36S BB2355 JMP arYXIT3

vReese +END DYALN



AT?
ASK
vearn
eeLL
oraTy
"ep
~7
~T1
~TUANL
U ANN
TLTAR
N TRL
n
nar
™NhTR
TQUIAL
BREOT
XTI
XT3
rywe
nAP
aeT
INET
LF
MASK]
MeOorT
MISS
MPTR
NSM
aEEnT
STAPT
TARS Y
T™MRET
TIME
TIME]
TP
TYD®T
WHAT
ZTIMT
« ASK
2ET
. TYPT

geneez
PPearé
PA0Q 50
Aea177
ABA333
Peaise
@ggn2al
208151
pee342
232341
gep232
peee3l
oga2a3
gee@3n
PoR 340
doatlar
paa1és
Pe@354
2aa355
gears2
aeB267
@ea3sé6
Pee344
aaglre
286353
#P@343
peee32
paga33
gaee22
eap284
ge@213
eea33?
aea175s
a0e17é6
pea200
AAR34s
#e834¢6
perez2e2
engars
agaar?
gea174
AAA1T3

123
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APPENDIX H

"A Nova Computer Code to Determine the Concentration

of Calcium in a Sample Activated by Thermal Neutrons."

"This work originally included an On-line activation analysis using the
Nova minicomputer. This work is presented here because it represents.
an approximately six months of work. Unfortunately, it was not possible
to finalize due to the limitations of programming complex operation
procedures in a minicomputer like the Nova. We strongly suggest that
the Nova computer has to be used only for the purpose of controlling
peripheral equipment. Therefore, we discourage any work directed to

development of a complex program like the one presented here."
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Abstract

‘Determination of calcium by neutron activation analysis has been
successfully used by the Nuclear Engineering Department at Kansas State
University. A computer code has been developed for Nova computers which
may improve direct calculations when calcium is determined via the com-
parator method. Therefore, this work results in a useful tool for rapid
and efficient analysis of such a mentioned element.

Important capabilities of this code are versatility (it can handle
spectra from magnetic tape or accummulate spectra by the multichannel
analyzer) and simplicity (only requires little information for adequate
use). Also, the user has optilons of selecting pre-programmed data of reference
samples and flux monitors and using other information to calculate the con-
centration of other elements if desired.

The main limitation of the code is in the analysis of a spectrum. Only
one photopeak, which represents the element of interest, can be analyzed.
Complex spectra cannot, therefore, be analyzed if more than one peak
analysis is desired. If other than calcium is desired, the photopeak has
to be defined before starting the analysis and results can be limited by the

presence of high background.

1. Introduction

This code has been designed for use with the Nova line of computers which
are equipped with a real time clock, teletype, and interfaced with the
Northern Scientific NS440 Computer NS 646 series memory unit, and NS408
magnetic tape control. It is written in an absolute mode and must be used
along with the extended floating point interpreter (tape #091-0000-13-07)

(31,32,33,34).
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The code itself has three important parts. The first gives
instructions for using the program and for requesting pertinent data. The
second part calibrates the multichannel analyzer. The last part performs
all the calculations, finds the desired concentration, and prints the results.

Although neutron activation analysis is a well known technique, it is
necessary to give some background for completion in developing the code.
Detailed information is found in references 9 and 10.

Neutron activation analysis is a procedure in which a sample of unknown
composition is exposed to a flux of neutrons. The neutron flux causes a
small fraction of atoms of the sample to become radioactive through neutron
absorption and nuclear transmutation. The radiation, e.g., gamma-rays, from
the transmuted nuclei is detected by a high resolution spectroscopy system,
e.g., Ge(Ll) system, capable of discerning between the different energies of
the radiatiom. |

The area under characteristic energy peaks of the spectrum are directly
proportional to the weight of the elements from which the radiation is pro-
duced. In the "Comparator Method" the area from the unknown sample is
compared to that from a peak produced in a reference sample where the com-
position is know; thus, the unknown composition can be calculated.

Then, in this method sample and reference were treated ldentically,
allowing the equalization of several common parameters, e.g., cross section,
even if these parameters are not precisely known.

Thus, the number of target atoms of the unknown is given by (see

Appendix A)

4 (Known) Ao(Unknown)
¢ (Unknown) AG(Known) ?

N(Unknown) = N(Known) (H.1)
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where AO is the production rate (activity.gram) and is determined:

-At, =it =it

Ao(activity/gram) = %% [(1-e l)e : (1-e i (H.2)

¢, the neutron flux, 1s monitored by elements which characteristics are

well-known and is given by

i

s (H.3)

-
|
=2

a
0

A = decay constant (for desired element and for flux monitor),
f = overall efficiency of the counting system,
m = mass of sample (sample, reference, and flux monitors),
t, = irradiation time,
t, = cooling time (or transfer time),
t3 = counting time,
C = true area under photopeak of interest,
N = atom density for flux monitor,

o = microscopic cross section for flux monitor.

Because in the comparator method equal conditons of sample and reference
must be carefully maintained, flux monitors are required to allow the canceling
of N0 and ¢ when substituted into Eq. (H.l), leaving the rest of the parameters
to be measured easily and used in the code. It has been estimated that the
accuracy of results will be as precise as C, the area under photopeak, could
be determined. In general the mass and times are simple to measure with good

precision.
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2. Code Description

The computer code can be separated into three parts: 1. instructions,
2. calibration, and 3. calculations.

The entire program requires 350010* storage locations, and together with
the floating point interpreter occupies over 500010 locations. This limits

its use with other program which may require substantial storage.

2.1 Imstructions

All operating instructions that are to be required for use in the
code are preprogrammed. In this part of the computer code several data are
requested, as well as, options of using peripheral equipment according to the
wishes of the user. Thus, it could be decided to use the magnetic tapé unit
or to couple directly to the analyzer. Also pre-programmed data, useful to
calculate calcium concentrations available as well as the. type of flux
monitor (pre~programmed data for Fe and Cu are available) and reference (data
for CaCO3 and Ca0). Also the code allows the change of pre-stored data to
calculate concentration of any other element than calcium. Main purpose of
this part of the code is to type messages (instructions) and accept characters
(data or decisions); and it represents the relation between the computer and
user.

This part is the simplest of the entire program, however it has the
disadvantage of occupying a large part of the storage of the Nova memory, due
principally to the large number of characters that a message - to be printed
out - could contain. Normally, two characters (maximum) can be stored in
one memory location (31,32). Although a special subroutine (TYPE 2) was
developed in order to allow up to three characters per memory location, while

the messages were reduced to the minimum to be understandable, they still use

a large part of useful memory locations (about 60010).

*The Nova memory capacity is often given in octal notation. Here we use
decimal notation.
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3.2 Calibration

Because the identification of a desired element (isotope) is based
on the location of a gamma-ray photopeak of a specific energy in a given
spectrum, this part of the code is of real importance, and together with
the true calculation of the area under the photopeak, it is formed by
most of the subroutines that were developed for the code.

The steps to calibrate any multichannel analyzer are the following:

a) set the spectroscopy system at the desired, gain and specify the other
characteristics, b) place on the detector a calibratéd source, c) accumulate
a calibration spectrum, d) assign a channel to each photopeak of known
energies (Kev/channel) assuming a linear relation between chamnel and
energy, €) check the desired energy of the photopeak which represents the
element being analyzed, f) correct the system gain and/or change parameters
if required, Facilitles of Nova computer allow one to pre-program steps

"e" through "e'", leaving the remaining steps (a and b) to be performed

by the user.

Since Co-60 is widely used as a calibration source, it is suggested that
it be used; however, there 1s an option for other sources to be used as
desired. Pertinent data are requested for up to five energies. The only
limitations are that some of the photopeaks are not easily differentiated
from background, or if they are not separated by at least twelve channels
(this value was arbitarely chosen by experimentation).

The program includes a scan of the spectrum data (9) to determine
peaks over 12 channels and evaluate them as photopeaks. Several rums,
simulating the Nova code by a Fortran program (on the IBM 370/158), were
made in order to determine the best method to scan such a spectrum keeping

as the only condition the elimination of the Compton edge and "small" peaks
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which do not represent the very well defined photopeaks of standard

sources,

For a peak with a maximum in channel n the condition to be satisfied

is:
Cn—l < Cn> Cn+1 ’ (H.4)
where Ci is the counts in channel 1i.
The peak is retained as a true photopeak if
oy < s/2 , (H.5)

where cs is the standard deviation of area S5, after subtraction of the

background, which is calculated by (see Appendix B)

nEB 9 n§4 nES
S = c. -=1 c, + cl, (H.6)
h=n=4 h 6 k=n-6 k L=n+3 L

and the standard deviation is calculated by

nfB 81 nik nES 1/2
o = [ C, +—=( c, + c.)] . (H.7)
i h=n-4 h 36 k=n-6 k f=n+3 .

The area, S, was arbitrarely chosen to satisfy the requirements of the
code. It is important to note that the area under photopeak used to perform
calculations and to find the desired results is not calculated by the same
equation, therefore, Egs. (H.6} and (H.7) were used only to scan photopeaks.

Once the photopeaks have been found, the calibration is made assuming
a linear relation between emergy and channel. If a calibration source with
only two photopeaks was used, the basic equation for a straight line is used

to compute the slope and intercept., These are defined by

Y4 =Y
M=xl——%, (H.8)

i ™ B
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and

B=y, - Mx (4.9)

l .
where x means channel number and y the corresponding energy.

If more than two photopeaks appear the data are fit to a straight

line by the least squares method:

N N N
NI oxy - Qx)@ )

M = i=1u = ’ (H.10)
2 2
NJ x| - 9) x,)
and
N N
1 1
B=§£1%'E(Eﬁm, (H.11)

The expected channel for the desired photopeak energy of the element
is checked to determine if the photopeak lies within the total channels of
the analyzer. If an "out of range'" is obtained, a message is printed out
suggesting that the parameters be changed and the calibration is performed
again.

The procedure followed that described above is not absolute; and it has,
probably, many limitations if it is to be used for more sophisticated calcu-
lations. However, it satisfies the necessities of the problem attempted in
this work. The limitations are due principally to the limitations of the Nova
computer. This code is only one part, but an important part, of the entire

code.

3.3 Calculations

Once the system has been calibrated, operations can be performed to
compute the concentration of the desired element in the unknown sample in

a simple way, since all constants, but S are easily determined. The accuracy
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the photopeak area has been determined to consist of the way in which S the
true area under photopeak may be found.
Several methods can be used to calculate S (see Appendix B). The one

used in this code 1s Gregery's formula (13):

1 1 h
Area = h(z C  + C; +Cy + C3 +C, +5 C) - 75 (AC, - AC)
h 2 2,y _1% 3. _ 3., _ _3h 4 4
- 35 (A°C4 + 8%c)) - 355 (A7C, - a7C ) - 32 (A7C; +A°C) , (H.12)

where h is the separation between a particular reference point {point 1 in
this case) and the A's are defined in Appendix B.l.

The basis for use of such an equation is given in Appendix B. It is
assumed that the area calculated with the six points around the maximum,
inclusive, is proportional to the entire area of the photopeak. The standard
deviation of such an area is calculated by the square root of the calculated
area value, since the area represents "a count rate" from a radioactive
source. Thus the standard deviation of the desired concentration is given by

(PPM) o 2 0,2 g2 0,2
o, = Concentration or g (u) + A (Feu) + AR, A (FeR) ,

(GRMS) A%(u)  AZ(Feu) A%(R)  AZ(FeR)

(H.13)
where A is the area under peak, referred to as the unknown (u), reference (R),
flux monitor of unknown (Feu), and flux monitor of reference (FeR). Concen-
tration is the calculated value in PPM or grams.

Equations H.1l, H.2 and H.2 which are used to calculate the desired concen-
tration were used precisely, i.e., no approximations were assumed, in order to give
more versatility to the code. For example, some samples may require more
counting time than others to accumulate adequate statistics, but the main

reason is due to the inherent approximation of the Floating Point Interpreter
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which was used to perform the complex operations. In this way if a

systematic error results, it can easily be corrected.

3.4 Constants

The pre-programmed constants available to the user are given in
Table H.1.

Table H.1 Constants used through the Nova Code.

Element Object Gamma Energy Half Life
Co-60 Source calibr. 1.117 MeV ——

1.3 MeV -
Fe2® Flux monitor 0.847 MeV (95%) 2.582 hrs
Cu Flux monitor 1.348 MeV (0.5%) 12.74 hrs
CaC03* Reference 3.0842 MeV (89%) 8.72 min
CaQ#* Reference 3.0842 MeV (89%) 8.72 min

*Concentration of Ca = 0.4004
**Concentration (Ca) = .7147

4, Program Description

This section contains a description of each subroutine used in the

computer code.

4.1 FIRST
a - Instructions: i) ask if calcium concentration is to be determined
ii) if NO, provide data for other elements
b - Data: i) energy of peak which represents desired isotope
ii) half life of same isotope
¢ - Perform: i) substitute data into normal locations to perform calculations
d - Critical location in this subroutine is TH11S which can be:

1 = Calcium 1s desired
2 = Other than calcium
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4.2 USER (Main Subroutine)

Instructins for use: 1) type of flux monitor

w
|

ii) type of reference sample

iii) magnetic tape or NS636

o
]

Data requested: i) masses
ii) irradiation times

1i1) total number of channels

(e
1

Perform: i) call CALIB to calibrate NS636 system
i1) call MTAPE or NS636 as selected
iii) call FIND for calculaticns
iv) call PRINT to given results

v) ask if there are more samples to analyze

4.3 TYPEL
Allow the typing of characters and/or letters, given in a special code

number of stored three letters in one memory location.

4.4 TYPE

Type characters given into accumulator ¢ via teletype.

4.6 TYPE2
Allow the typing of characters, other than letters, stored by pairs

in one memory location.

4.7 PUTZZ
When data prestored are used, clear locations reserved for data no

pre-stored.

4.8 WRITE
Subroutine to decide if the message to be printed is:

a) letters, call TYPEL
b) others, call TYPE2

¢) when message to start analyzer is printed out, transfer
the control to user
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4.9  ACEPT

a) get decision of user about features of code. Break character
is carriage return

b) integer number are also accepted and converted to binary integer
c¢) determines if the character is a digit; if not, it types out
"?2?" and waits
4.10 GET1

a) store data in Locations called NUMB

b) accept real data (numerical values) using the facilities of the
Floating Point Interpreter (FPI) '

¢) data requires confirmation, as in ACEPT, to allow corrections

d) format of data is given in general instructions of FPI user's
manual (37)

4,11 TIYIN

Subroutine to get characters via teletype.

4,12 CALIB

a = Instructions: 1) type of source used
ii)} if not Co-60 ask for data

o

- Data: i) energies of photopeaks, in order minimum to maximum

- Finish with message 'calibration done" if all is correct

(¢}

d - Perform: 1) calculate channel of centroid of photopeak of desired element

1i) check amplification (number of channels) in subroutine GIVE

4.13 PEAKS

- Locate photopeaks of a spectrum

(]

b - Uses subroutine AREA to perform step a

- Region of interest is given in MIN = minimum channel and MAX = last channel

(el

4.14 EXTER

Set NS636 analyzer in external mode (readout).
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4.15 SUM

a) Set NS636 analyzer to desired chanmnel

b) Set DAC to desired channel and get contents of channel of
NS636 analyzer

c) Add contents of channel in a desired region by steps a and b.

4.16 AREA

a) Calculate the photopeak area S after substracting of background
by using Eq. H.6.

b) Neglect peak if area is zero or negative.

c¢) Accept peak if S/2 is less than standard deviation of S.

4.17 GIVE

a) Assign each peak a given energy as in subroutine CALIB.
b) If Co-60 is used to following equation applies y = mx+b.

¢) If more than two peaks, fit to a straight line by the least
squares method.

d) Either case slope and intercept are calculated.

e) Check amplification used. If wrong, a message is printed out
and the control is transfered to start CALIB subroutine.

4.18 MTAPE

a) Control of magnetic tape unit.
b) Instructions.
¢} Data: 1) cdunting times
ii) tagwords of recorded spectra.
d) Locate peaks and calculate true area by calling subroutine LOCTE.

e) If a given tagword is not found, print message to transfer data,
from tape to NS636 memory, manually by user.

4.19 CHPK

Calculate the centroid of photopeak for the selected flux monitor data.

4,20 ENROL

Rewinds magnetic tape.
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4.21 NS636

Control of multichannel anaiyzer in ADC input mode and ADD mode.
Cycles of 0.1 sec are used by setting the real time clock to a time stored
in accumulator zero.
4.22 LOCTE

a) Locate photopeaks by calling subroutine PEAKS.

b) Calculate area of photopeak by calling subroutine AREAl (true
area).

¢) If no peak was located (low activity in sample) area is calculated
by using a centroid calculated by the slope and the intercept of a
linear relationship between channel and energy.

d) If more than one peak is found the cne closest to the true energy
is accepted for the area determination procedure. (Region of
interest is about twenty channels therefore, it more than one peak
is present in such region an error could result).

4.23 PRINT

Print final results: 1) concentration and standard deviation, in PPM
and grams.

4.24 (Reserved locations for the floating point interpreter.)

4.25 AREA]

a) Calculate the true photopeak area by Gregory's formula for a
given photopeak. The centroid is stored in accumulator =zero.

4,26 (Reserved locations for data requested.)
4.27 FIND

a) Calculate the concentration of desired isotope in parts per million
and in grams. :

b) Get data in accordance with instructions given in previous subroutines.

4.28 ERRSM

Accumulate standard deviations of calculated data (Propagation of errors).
4.29 WHICH

Determines the fraction of calcium or desired isotope according with referenc
used.
4.30 CONSC

Convert times to seconds. Times given in hours, minutes and seconds.
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5. Results and Conclusions

Results can not be presented because we were unable to finish the
Nova Code. The major reason is the basic sequence of operations normally
used to program a minicomputer like the Nova. To 1llustrate better the
problems, we refer to Figure H.5.1 which is a basic programming flow-chart.
Thus, a source program is produced first on paper tape by using the Tape
Editor.(Tape number 091-000001-07); second, the Extended Paper Tapeassembler
(Tape # 091-000017-07) 1is used to translate the source program into machine
language, resulting into the another tape (the object tape); third, the pro-
gram is tested for symbolic errors, and if any error is found, the correction
of it forces one to repeat the first two steps again. If no errors are
detected, a listing and a binary tape are obtained.

All the basic steps metioned above require the use of the Teletype. This
machine is a slow device; therefore, debugging the program results in ten or
more continuous hours for each correction. Figure H.5.1 we indicate that a
loading of a Debug Tape must be performed. This tape allows correction of
errors without repeating the two steps described above. Unfortunately, the
Debug Tape requires a considerable memory (100010 locations) which includes
some locations to be reserved specificly, and our program was large enough
that the memory capacity of the Nova (8k) was not sufficient to allow its
storage and that of the Floating Point Interpreter (FPI). Therefore, suph a
debugging procedure was not available in our case and we had to test the pro-
gram by repeating all the steps.

The use of the FPI has also complicated the finalization of the code.
The FPI is very important in performing calculations throughout the code.

The flow chart in Figure H.5.2 represents the Nova Code which is being developed.

The explicit problem in the use of the FPI is mainly that any error in the
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Fig. H.,5.1., Nova Basic Programming Flowchart.
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code, when the FPI is used, can produce unpredictable loops that destrqy
the contents of other parts of the Nova Code, or in best situation, the
error forces the FPI to stop as an indication of an improper operation.
In either case we do not have the facility to determine the location of the
error, or the magnitude of the error. Also, mest of the subroutines that
use the FPI cannot be tested individually, because some operations require
jumping from one subroutine to a second and even to a third. The result
requires a guess to modify and correct errors. This "metrhod" is time con-
suming and complicated by the fact that no-obvious errors are not easy to
detect.

Four months were devoted to debugging our Nova code. After this period
of time we concluded that the Nova Computer system is an excellent device
to control pheripheral equipment, e.g., the NS636 Multichannel Analyzer, the
NS408 Tap unit control, but complex operatioms which result in a large program
are not useful.

We suggest the Nova minicomputer should be used only for the purpose
of controlling. In fact, it was successfully used in the oxygen=-18

determination part of this work. See Appendix F and also reference 35,
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ABSTRACT

The purpose'of this work was to develop a neutron activation analysis
(NAA) téchnique to measure the oxygen content in samples of distilled water,
o = D fructose, and & - D glucose by utilizing the reaction 180(n,y)190.

The ;ﬁtire data collectigﬁ process as well as the analysis process (by the
NAA comparator technique) was mainly directed at improving a simple manual
transfer method to analyze the short-lived product 190.

Preliminary results showed a wide distribution in the accuracy of the
method when individual measurements were considered. The following possible
interferences were investigated: a) inadequate manipulation of samples,

b) incorrect weighing of samples and recording of times, c¢) improper method
of area calculation, d) irregularities in position during irradiation and/or
counting procedures, e) significant variation'in the reactor power level
during sample irradiation, and f) instability of the electronic counting
system. Experimental results have shown that a and b (gross mistakes) could
be easily avoided or, when they occurred, eliminated from record by careful
sample preparation. The area calcuation was also of significance when a
particular method was improperly used. While d and f were the greatest
sources of error, significant variations in the power level were unlikely.
By using a fixed-position during irradiation and counting and by monitoring
the functioning of the electronic system with a precision pulse generator,
the method proved to be successful, minimizing possible interferences.

After several experimental runs, we determined that NAA is a precise

and accurate method (* 6%Z) to measure 180 concentrations.



