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1.0 INTRODUCTION

Radiological monitoring of airborne radioiodine is required to
determine the dose received by individuals performing experiments
utilizing radicactive iodine and by individuals at nuclear power reactor
facilities. This necessitates measurement of the concentration of
radioiodine in the laboratory and in the environment at nuclear power
plant sites. Presently, radioiodine levels are measured using three
basic types of iodine air samplers, these are :l’2
(1) a total iodine and particulate air sampler utilizing a particulate
filter and a charcoal cartridge, {2) an iodine molecular species
differentiating air sampler containing in series, a particulate filter,
a cadmium iodide bed, a bed of 4-idophenol absorbed on alumina, and a
silver zeolite or impregnated charcoal bed, and (3) a total iodine air
sampler consisting of a charcoal-impregnated filter paper.

Investigation of an alternate lodine air sampler that considers both
laboratories and nuclear reactors as areas of application is required.

The expanding use of 125

I in research laboratories has logically
increased the risk for workers in these facilities of inhaling airborme
radioactive iodine. Researchers involved in using radioiodine for
labeling organic compounds include persons in the fields of veterinary
science, biochemistry, and biology. Inhalation of radloactive lodine
will ultimately lead to accumulation of this iodine in the thyroid.
Risk of this occurrence necessitates that a thyroid scan be performed

1251 at Kansas State

within 7 days after any researcher has worked with
University and other research institutions. This after the fact method

of controlling exposure is not the preferred technique. The preferred



method is that of continuous monitoring during the time period the
radioiodine 1is being used in the laboratory. This would provide an
instantaneous indication of the radiation level and allow control of the
airborne iodine concentrations. Because of the extremely low
concentration of the radioactive gas in the air, the radioiodine must
first be concentrated by flowing air through a cartridge containing
material which has a high affinity for iodine. Therzsfore, in order to
measure the concentration of airborne radicactive iodine, a reliable air
sampler is needed to collect this iodine.

This radioiodine air sampler would also be applicable for environ-
mental monitoring around nuclear power reactors and research reactors.
During normal reactor operations or, to a greater extent, during an
accident'situation, the release of radiocactive material to the environ-
ment poses an inherent hazard. Under these circumstances the major risk
to the general public is due to the volatile components of the released
materials such as the fission products of iodine isotopes. Therefore,

1291’ l3lI i 135I

routine monitoring of the airborne concentrations of
are very important at nuclear reactors. The radioiodine in the gaseous
effluents from a nuclear reactor may be in either particulate or gaseous
form. Moreover, these forms3 may be elemental iodine (12), inorganic
iodides (prineipally HOI), and organic iodides (predominately CH3I).
Presently, activated and impregnated charcoazls and silver zeolite are
used as air samplers in these situations. However, according to
Hassleré, organic iodides are not adsorbed on activated charcoal, which

indicates that methyl iodide and other iodides cannot be monitored

accurately using this charcoal. Also, activated charcoal's ability for



iodine adsorption is reduced under high humidity conditions. Iodine
adsorption capabilities under high humidity conditions may be improved
through the use of silver zeolite or charcoal impregnated with potassium
iodide or triethylenediamine. The silver zeolite adsorbs iodine as well
as the impregnated charcoal, however, presently the silver zeolite's
cost is 10 times that of the impregnated charcoal's cost.5 An
additional problem with the charcoals, either impregnated or
unimpregnated, is that when they are used as an air sampler they will
collect other radionuclides such as xenon.

Some research reactors use gross gamma-ray counting of all
radionuclides collected on a charcoal impregnated filter paper as the
air sampler on their iodine monitors. Monitors of this type are
sensitive to all gamma emitting radionuclides. When radon and thoron
levels increase significantly, due to meterological conditions, false
alarms are triggered. This situation exists at the Kansas State
University TRIGA MARK II nuclear reactor. These alarms must be
evaluated carefully to insure that they were not due to an increase in
airborne radioiodine.

The above described problems with charcoal and silver zeolite lead
to the assumption that a better radioiodine air sampler was needed.

Previous work7_9

showed that a strong base anion exchange resin, used in
either wet or dry form, had a strong affinity for iodine and iodides.
Therefore, comparison of impregnated charcoal and this resin was
initiated.

The experimental procedures developed and the data obtained, during

the course of this research allowed, for the first time, a comparison to

be made between the efficiency of charcoal and resin filled air sampler



cartridges. Various parameters were studied to determine =ach
parameters effect on the particular adsorption column's efficiency.l0
The efficiencies for the charcoal and resin columns were determined
using neutron activation analysis. This procedure consisted of
collecting stable iodine (Iz) on an adsorption column, producing

128

radiocactive I by neutron irradiation of the material in the column

using the Kansas State Unilversity TRIGA Mark II nuclear reactor, and
then measuring the gamma rays produced by 1281 decay. Comparison of the
data on each parameter, for resin and charcoal, was then undertaken to

determine which substance was better for use in an iodine-monitor air

sampler.



2.0 RESIN AND CHARCOAL CHARACTERIZATION

2.1 General

In order to understand the relative efficiencies of
triethylenediamine-impregnated activated charcoal and the resin (Dowex
MSA-1) under investigation, it is important to characterize each type of
material. Obviously, their physical properties and chemical
compositions are quite different. An important common property is that
they both collect elemental iodine by physical adsorption. However,
relative efficiency data for these two materials, are non-existant.
Extensive research has been performed on charcoal, hence, its
characteristics are well known. Furthermore, enhanced efficiency has
been achieved, through activation of charcoal to increase the surface
area. Also, impregnants have been added to charcoal to allow
collection of organic iodides. Conversely, minimal research, leading to
improving the efficiency of resin for the collection of airborme

radioiodine, has been performed.

2.2 Physical Adsorption and Chemisorption

The phenomenon of concentration of a substance on the surface of a
solid is called adsorption. While it is probably true that all solids
adsorb gases to a certain extent, usually adsorption is not very
pronounced unless the adsorbent possesses a large surface area for a
given mass. Logically with an increase in the surface area of an
adsorbent there is an increase in the total amount of gas that may be
adsorbed. This adsorption of gas by a solid would be accompanied by
heat evolution which is termed heat of adsorption.

Physical adsorption is the term applied to the type of adsorption



in which no electrons are transferred or shared between adsorbed
molecules and the adsorbent surface. Physical adsorption is also
characterized by low heats of adsorption. This type of adsorption is
caused by van der Waal's forres, which are also responsible for causing
vapor molecules to condense to a liquid. Similarily, in physical
adsorption, as in the condensation of a gas, the attachmenﬁs are weak.
Chemisorption involves the formation of a chemical compound between
the adsorbed gas and the surface material. Therefore, unlike physical
adsorption, electrons may be transferred or shared between the adsorbed
molecules and the adsorbent surface. The attachments in chemisorption
are also stronger than those in physical adsorption. Also, whereas
physical adsorption was characterized by low heats of adsorption,

chemisorption may be characterized by much higher heats of adsorptionm.

2.3 Dowex MSA-1 Resin

Dowex MSA-1 resin was chosen for this study. This particular resin
was selected because its chemical composition is similar to another
strong anion exchange resin, The similar resin, Dowex 1-X8, possesses a
high affinity, in wet or dry form,'for iodine and organic iodides.
however, Dowex MSA-1 was selected for the subject air sampler since
dehydrated MSA-1 has a higher porosity and hence, has more internal
surface area (23 mz/g) for the adsorption of iodine. Conversely, the
Dowex 1-X8 resin is a gel and will collapse upon removing the moisture.
Since resins have a range of particle sizes, quoted values are averages.
The U.S. standard mesh size range of the Dowex MSA-1 anion exchange
resin is 20-50 and has an average particle diameter of 0.57 mm. The wet
density of this resin is 0.67 g/m3 and the moisture content is 60%.

This resin is received from the supplier packaged in water. For this



study, the water was removed so that more adsorption sites would be
available to adsorb iodine.

The dehydration procedurell for this resin was to first displace
the water in the resin with methanol. This was done by placing 1 part
of resin into 2 parts of methanol. This solution was then mixed
vigorously. Next, the resin was allowed to socak in the methanol for 12
hours. The resin was then dried at a temperature below 50°¢C using a
Fisher Infa-Rediator heat lamp for 3 hours.

Dry resin samples were irradiated in the TRIGA Mark II nuclear
reactor to determine if significant radionuclide production resulted.
The pulse height distribution of an irradiated resin sample is shown in
Fig. 2.1l. This figure clearly indicates that one of the components of
the resin was chlorine. The significance of the chlorine is discussed
in section 3.6 .

The major problem associated with handling the resin was its
adherance to everything. This was due to static electricity generated
as the resin was poured from one container to another. The problem was
solved through the use of an electrically grounded metal funnel and
grounded metal pans.

Previous work indicated that anion exchange resins would physically
adsorb iodine wvapor. For example, in 1961, it was reported by B.
Sansoni7 that 3.4 g of iodine could be physically adsorbed by 1 g of an
anion exchange resin. Also, in 1966, it was indicéted by A.V. Nikolaev,
et.al.a, that iodine vapors were adsorbed by an anion exchange resin.
They attributed the sorption-mechanism to physical adsorption by the
resin matrix. As a result of these studies, it appears that physical

adsorption is the mechanism by which iodine is collected by the resin.
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2.4 Resin Porosity and Surface Area

Since the particles of Dowex MSA-1 are spherically shaped, the
average wet particle mass m  may be found using

m = (&4/3 ﬂri)pw , (2.1)
where r, is the average wet particle radius, and P is the wet particle
density. The data for moisture content was then utilized to yield
m-m
% moisture content = _Eéf_i x 100% , (2.2)
w

where m is defined above and Wy is the dry particle mass. Rearranging
Eq. (2.2) gives

- (100 - % moisture content)
g FE, 100 : (2.3)

Now, upon dehydration, the resin volume is reducedll such that

Vd = 0.97 v , (2.4)
where Vd is the volume of the dry resin and VW is the volume of the wet
resin. Using Eqs. (2.3) and (2.4), the dry resin density is

Pg = My Vd . (2.5

The pore volume of the dehydrated resin particle Vg is now found

using the relationl2

Vg =0 P4 5 (2.6)

where © is the porosity of the resin and P4 is the dry particle density.
The average pore radius rp may then be calculated using the relation12

= 2V S ;
T g/’ 2 (2.7)

where Sg is the internal pore surface area.
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The external surface area S is found by subtracting the total pore

mouth area Apore from the surface area of a sphere of the same radius
containing no por.esl3
A =h8 (X (2.8)
pore J3 ?
where A is the surface area for a sphere with radius Ty Hence,
S = 4ﬂr§- 4nr§ /? ; (2.9)
2

where Ty is the dry resin sphere radius and may be found from Egq. (2.4).
The total surface area may now be found by adding the result of Eq.
(2.9) and Sg' Using the above equations and data provided by Dow
Chemical Company, ylelds the following results for dehydrated Dowex

MSA-1 resin; porosity equals 20%, a total surface area of 23 mz/g, and

ignition temperature at 230°¢.

2.5 Charcoal

The charcoal used in this study was manufactured by North American
Carbon. It was designed for the removal of radicactive iodine and
organic iodides from steam-air mixtures below ZOOOC. The surface area,
both internal and externmal, is 1000 m2/g and the density is 0.55 g/m3.
Therefore, using these and other data supplied by Scott Health and
Safety Productsl4 and Eq. (2.6) yields the following results; a porosity
of 30% and ignition temperature at 300°C. This coconut charcoal is
impregnated with triethylenediamine (TEDA) and potassium iodide. The

iodide of the potassium iodide was indicated from the pulse height

spectrum of an irradiated charccal sample (See Fig. 2.2.)
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However, this amount was small when compared to the amount of
iodine added to the charcoal column during a typical adsorption study.

Elemental iodine (Iz) is physically adsorbedlS on activated
charcoal surfaces regardless of any impregnation. However, the
potassium iodide was added to the charcoal to chemisorb organic iodides

by the reaction16

131
CH,
131

127I 13

I+ 127I(on charcoal) -+ CH + lI(on charcoal),

3

where CH I is used as the typical organic iodide.

3
The TEDA was also added to the charcoal to chemisorb organic
iodides, however, as a group, amines are more receptive to methyl iodide

molecules than to water moleculesls, therefore higher collection

efficiencies for this type of charcoal should occur.

2.6 Cost Comparison

Lastly, a cost comparison between a 4 ml adsorption columm of
impregnated charcoal and one of resin indicates that charcoal is more
cost effective. The price of a Dowex MSA-1 resin column supplied by
Xentex, Inc. of Kansas City is $0.056 while the price of an impregnated

charcoal column supplied by HI-Q Filter Products Company is $0.028.
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3.0 THEORY

The iodine collection efficiency of charcoal and resin adsorbent
samples was determined using Neutron Activation Analysis (NAA). NAA
is the process by which a radionuclide may be identified by its
characteristic gamma-ray emissions.

To interpret data from neutron activation, a number of parameters
must be considered. These are: neutron flux variations during
irradiation, irradiation time, decay time and counting time, as well as
counting geometry, and the net analyzer response for a gamma-ray

photcpeak.

3.1 NAA THEORY
For an irradiated sample, the number of nuclei No activated during

irradiation, can be represented byl7

- by (1-e I (3.1)

where za is the macroscopic absorption cross section, ¢ is the neutron
flux, A is the decay constant, and tr is the activation time. Now, as
shown in Fig. 3.1, the gamma-ray photopeak area that results for a

counting time t. corrected for background, is

1

Area = (Nl - Nz)(eff)(%Y)(PCT), (3.2)

where Nl is the number of radiocactive nuclei present at time td (decay

time of the sample), N, is the number of radioactive nuclei present at
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time t, + tl’ eff is the overall detection efficiency, % v is the gamma

d
yield, and PCT is the percent abundance of the iscotope. Then, using the

decay equation,

N =Ne : (3.3)

and substituting Eq. (3.3) into Eq. (3.2) gives

=Aty -A(td+ t,)
(Noe —Noe Y(eff) (Zy) (PCT) . (3.4)

Area

Rearranging Eq. (3.4) and solving for No yields

Area
No = =it -At * (3.5)

e (1-e 1)(eff)(%T)(PCT)

Substitution of Eq. (3.1) into Eq. (3.5) results in

Eéi _ At _ Area . (3.6)
o (e ) S TRST:

e %l-e 1y(eff) (zy)(PCT)

However, writing Za in terms of mass, so that this unknown quantity

(mass) may be specified in terms of known values, yields

I, = Er (6.023 x 10°%) (o) (3.7)
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where 9, is the microscopic absorption cross section, A is the atomic
number of the parent nuclei, and M/Vol is the density of the parent
nuclei. Substituting Eq. (3.7) into Eq. (3.6) and solving for the mass

of the parent nuclei gives

Vol A A Area
23 -}.tr -ktd —Atl ?
(6.023 x 10 )ca¢(l~e ) (e ) (1-e Y(ef£f) (%y) (PCT)

M=

(3.8)

which 1s the mass of the parent nuclei that is converted to the
radionuclide during time tr' The rate of production of the radionuclide
for two samples differing only in mass would be the same if self
shielding effects are neglected. Therefore, the mass ratio of the
isotopic sample (a) and the reference sample (ref), irradiated for the

same time period, is

(Vol)a A A (Area)a

23 ik | A, R
Ma (6.023x10 )da¢a(l-e Y{e Y{(1l-e Y(eff) (Zy) (PCT)
ref (Vol)ref A A (Area)ref
-\t =it -At
23 T dref lref .
(6.023x10 )Uref¢ref(l—e ) (e ) (l-e ) (ef£f) (%) (PCT)

Cancellation of the common terms in Eq. (3.9) gives the general equation

for mass ratios

; (3.10)
M ¢a (Area)re

(3.9)
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Since the samples are counted for the same live time (tl), Eq. (3.10)

reduces to

At
Ma ¢ref(Area)a o da
Mref ¢a (Area)ref e” “dref
Rearranging Eq. (3.11) gives
k(tda_tdref)
¢’a - Mref(Area)a e p (3.12)
¢ref Ma (Area)ref

Equation (3.12) may then be used to account for variations in the neutron flux.
The quantity ¢a/¢ref is measured by attaching iron wires to the irradiation

sample wvials, and then irradiating these vials. Therefore,

a Pwa , | (3.13)

where ¢w’ the neutron flux used to activate an iron wire, is

i (Vol)W lw (Area)w . (3.14)

w 23 -Awtr —Atdw —Atlw
MW(6.023x10 )caw(l"e ) (e ) (ef£) (%y) (PCT) (1-e )
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Therefore, using the same assumptions as stated for Egqs. (3.9), (3.13), and (3.14)

gives
A (e, -t )
5 ¢ M (Area) . w' dwa dwref
a - _wa_ _ wref wa . (3.15)
¢ref ¢wref MWa (Area)wref

Equation (3.15) may then be used to correct for neutron flux variations
for a given isotope sample with respect to a known reference sample.

The correction for radicactive decay may be found after multiplying
Eq. (3.3) by the decay constant. The resulting factor, AN, is simply
the activity of the sample. However, since the activity is proportional

to the counting rate, the resulting equation may then be written as

C=C e , (3.16)

where C is the counting rate of the sample at the time td‘ (the decay
time and half of the count time) and C0 is the counting rate of the

sample before decay has occurred. Rewritting Eq. (3.16) yields

C =Ce i (3.17)

which is the aquation used to correct for radiocactive decay.
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3.2 Standard Curve

A standard curve was used to determine the mass of the iodine
present in a sample from the measured counting rate resulting from the
iodine. Multiplying Eq. (3.1) by the decay constant and substituting
Eq. (3.7) into Eq. (3.1) yields the initial activity of the

radionuclide,

M -At

= 23 r
AO = NOA = Yol & (6.023x1077)4(1-e ) I (3.18)

Hence, from Eq. (3.18) and the fact that the counting rate is

proportional to the activity,

c, = jk (3.19)
where M is the mass of the parent nuclei, Co is the initial counting

rate of the radionuclide, j is a proportionality constant, and

=At

K (6.023x10%% ) (1-e T)eff . (3.20)

=0
Vol A

Therefore, Eq. (3.19) indicates that there is a linear relation between
the initial counting rate of a particular radionuclide and the mass of
the parent nuclei. Using the information given above, the relationship
between initial counting rate of the radionuclide and the mass of the
parent nuclei was found by first activ%ting varying amounts of the
parent nuclei of interest and then analyzing the samples to determine

the counting rate of these samples. After correcting for neutron flux
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variations and radioactive decay, a least squares line fit was then
applied to the data to determine the relationship between counting rate

and mass of the particular parent nucledl.

3.3 Physical Geometry

The physical geometry of the irradiated sample is an important
parameter to be considered in obtaining the pulse height distribution.
The reason for this fact is that systematic experimental errors may be
introduced by changing the over-all efficiency of the counting system
for detecting the gamma rays emitted from the sample. Therefore, it is
important that the samples be prepared consistently. Each sample was
homogeneous, had the same volume and shape, and the gamma rays from the
neutron activation were counted with each sample in the same position

relative to the active volume of the detector.

3.4 Net Analyzer Response for Gamma-Ray Photopeaks

The net analyzer response for any gamma-ray photopeak in a
germanium lithium-drifted detector pulse height distribution is the
total area under the peak minus the background counts. The background
is determined by averaging the number of counts in K channels on each
side of the peak region. These averages are defined as backgrounds
grounds Eﬁ and B, . The following equation was used to determine the

A

net analyzer response.

N

c
Area = ] ¢ - —(B, + B

B A) . (3.21)

In this equation, NC is the number of channels in the peak region and CN

is the number of counts in a particular channel of the peak region.
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3.5 ©NAA Reactions of Interest

The neutron activation reactioms of interest to this analysis were
6Fe going tosﬁMﬁ by the fast-neutrom proton reaction, production of
1281 by the neutron-gamma ray reaction from;zyl {stable iodine). Also,
as indicated in Section 2.3, one of the components of the resin was
chlorine. This stable chlorine, 37Cl, would then produce 38Cl by a

neutron-gamma ray reaction. Data for these radioisotopes are presented

in Table 3.1.

3.6 Computer Programs

For a column of resin with only trace amounts of iodine adsorbed to
it, the large chlorine component present in the gamma-ray pulse height
distribution (See Fig. 2.1) could induce considerable error when using
Equation (3.21). In order to correct this problem a computer program,
CL-SUBT, was devised to subtract the chlorine component from the pulse
height distribution, thereby leaving the iodine photopeak stripped of
the chlorine component. In other words, the chlorine component was
treated as part of the background and subtracted from the total area
under the photopeak to yield the iodine gamma-ray photopeak area. This
subtraction process was performed as follows. First the chlorine gamma-
ray photopeak area from a pulse height distribution of the resin sample
from which the chlorine component is to be subtracted was ratioed to the

chlorine gamma-ray photopeak area from a pulse height distribution
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Table 3.1. Data for radioisotopes produced by neutron activation
in the KSUTMII nuclear reactor, and used for the
neutron activation analysis of the samples.

Radionuclide Half Life Type of Energy Intensity
Decay (keV) (%)
3801 37.20 min. Gamma-ray 1642.7 38
Gamma-ray 2170.0 47
Beta particle 4910.0 max 58
56
Mh 2.58 nr. Gamma-ray 846.8 99
Beta particle 2850  max 47
1281 25.01 Min, Gamma-ray 442.9 14
Beta particle 2120.0 max 76
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of a resin sample containing no iodine. These areas were found uéing
Equation (3.21). This ratio was a normalization factor used to account
for differing decay times and count times between the two pulse height
distributions. Then, in order to prevent the subtraction of too much
background, the normalization factor was multiplied by 0.9. The number
of counts In each channel of the pulse height distribution was then
multiplied by 0.9 ¥ normalization factor. The pulse height distribution
resulting from the multiplication of the normalization factor was then
subtracted from the pulse height distribution of the sample from which
the chlorine component was to be subtracted. TFrom the pulse height
distribution resulting from the subtraction described above, the iodine
gamma~ray photopeak area was calculated using Equation (3.31). The
standard deviation for the iodine gamma-ray photopeak area was also
calculated in CL~SUBT using the standard propagation of errors
technique. A listing of CL-SUBT and derivations of the standard
deviation equations used in CL-SUBT are included in Appendices B and A,
respectively. Also, to insure consistent results, CL-SUBT was used on
the charcoal samples. However, since chlorine was not present in the
charcoal, the normalization factor was zero.

Another computer program, FDC, which corrected the iodine gamma-ray
photopeak area for decay and neutron flux variations respectively, is
listed in Appendix C. This program also calculated the standard
deviation of the resulting counting rate using the standard propagation

of errors technique.
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Once the counting rate of the iodine adsorption columns are known,

128

using NAA to determine the I gamma-ray counting rates of each, the

column efficiencies E can then be calculated as follows,lO

"B" Column 201 Counting_rate]

E=[l-.
"A" Colummn 128

x 1007 (3.22)
I Counting rate

As was described in Sectionm 4.1, the "A" and "B" columns were in series

with "A" being the first column on which the iodine would be incident.
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4.0 EXPERIMENTAL PROCEDURES

The general experimental procedure used for this study was to
develop and build a system which would collect gaseous iodine, and to
then examine the effect of various parameters on this system's iodine

collection performance.

4,1 Iodine Sampling System

This iodine sampling system consisted of an iodine reservior fol-
lowed in order by two adsorption columns, a paper filter holder, and an
Eberline model RAS;l vacuum pump system. The iodine reservoir was a
polypropylene jar, cylindrical in shape, with a 3 inch diameter and a 5
3/8 inch length. This reservoir was connected by 4 5/8 inches of 3/8
inch diameter polypropylene tubing to the first adsorption column, "A".
Column "A" was connected by 4 5/8 inches of 3/8 inch diameter
polypropylene tubing to the second column, "B". These adsorption
columns were constructed of 2 3/8 inch long, 1/2 inch diameter
polypropylene tubing with a fine mesh stainless steel screen attached to
each end of this tubing. The screens were used to hold the adsorption
material in place during the study. A diagram of this columm
is shown in Fig. 4.1. The "B" column was connected to a paper filter
holder by 3/8 inch diameter, 3 5/8 inch long polypropylene tubing. This
filter holder contained a charcoal loaded paper filter during the study.
This filter provided a means of determining whether iodine had managed
to leak through both the "A" and "B" columns. Connected to this filter
holder was the Eberline vacuum pump system. This vacuum pump system

consisted of a charcoal adsorption column, to insure the pump would not
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be contaminated by iodine: a flow meter, used to determine gas flow
rates through the system; a flow regulator to control gas flow rates;
and a vacuum pump. The complete iodine sampling system is shown in Fig.
4.2.

The entire system was constructed of polypropylene since iedine
will not plate outla readily on this material. Glass is the material
which ilodine will plateout on the least, however, glass was deemed too
difficult to work with and too fragile for a general purpose lodine
sampling system. A system comnstructed from polyethlyene was tried, but
the plateout characteristics of this material were not acceptable for

this study.

4,2 Method of Iodine Collection

The technique used for iodine collection, using the sampling
system, was to first piace a known mass of solid iodine (12) into the
reservoir. A type Hl5 Mettler balance was used to measure the sample's
mass. The vacuum pump was then used to draw ailr through the system, and
consequently the iodine reservoir. As the iodine (Iz) sublimed, it was
carried with the air through the system. This sublimation, the
direct removal of molecules from a solid into the wvapor phase, occurred
because the triple point, (the point designated by the pressure and
temperature at which solid, liquid, and vapor can coexist), lies well
above ordinary pressures.l9 This iodine gas-air mixture was carried
into column "A," which was packed with either 4 ml (2.2g) of Dowex MSA-1
resin or 4 ml (2.0g) of Scott TEDA-impregnated charcoal granules.

Inside the "A" column, the iodine was adsorbed as the iodine gas-air

mixture passed through the column. The air and any unadsorbed iodine

entered column "B", which was packed with 4 ml of resin. This second



28

sy T

Iodine Res. | 3"

U

; ‘%——-5 3/8" —

<3/8"

2 3/8”
—>| L \L

3/8'% 4 5/8"
Flow l
Regulator Paper
Filter 11 n
Ho der€> ¥ |<-2 3/8
Flow _| [ 1
| v s , VT %
Meter <! IFlow 75 R
A
[
= Ch}];.rcoal |->2 3/8[
Cartridge

Vacuum Pump Holder

Fig. 4.2. The iodine sampling system showing the
dimensions and location of each of the
components.



29

column would then adsorb iodine from the iodine gas-air mixture as it
proceeded through the "B" column. Finally, the air and any possible
remaining iodine gas passed through the filter holder where the charcoal
filter paper removed any small masses of remaining iodine gas that may
have passed through both adsorption columns. The pump was used to draw
air through the system until all of the iodine had sublimed. Once the
pump was shut off, the system was dismantled and the adsorbents of each
column were placed into separate grounded metal pans in order to reduce
the problem of static electricity discussed in Section 2.3,

In preparation for irradiation, the adsorbents in each pan were
mixed separately, and then the polypropylene and metal compeonents of the
iodine sampling systems were rinsed in methanol to remove excess lodine
and then rinsed with distilled water. The homogeneous mixtures of the
adsorbents and the charcoal filter paper were then each placed in the
S5ml irradiation vials. The vials were polypropylene, cylindrical in
shape, with a 7/16 inch diameter and a 3 inch length. To prevent the
pcssible escape of any radioactive gases, both during and after
irradiation, the vials were capped and heat sealed using a soldering
iron. A Baker and Adamson 99.907% iron wires was then wrapped around

each sample irradiation vial for use as a neutron flux monitor.

4.3 Production of Radiocactive lodine

These sample vials, containing adsorbents, were then irradiated to
determine the iodine content of each sample using NAA, The irradiation
of the sample vials was conducted in the Rotary Specimen Rack (RSR) of
the Kansas State University Triga Mark II (KSUTMII) nuclear reactor.20
The vials were irradiated at a power level of 10 kw for 2.5 minutes

since this allowed an adequate number of iodine nucleil to be activated

which could then be counted after only a short decay time.
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4.4 Determination of Iodine Content and Computer Analysis of Pulse

Height Distributions

In order to determine the amount of iodine present in a sample, the
samples first had to decay for a specific time., The samples were
allowed to decay for one hour, so that the exposure rate required for
sample removal from the KSUTMII reactor bay was in accord with the
KSUTMII Technical Specifications. These samples were then analyzed for
the 1281 gamma-ray photopeak using a Canberra Series 80 Multichannel
Analyzer (MCA) and the germanium lithium-drifted detector system number
one (Ge(Li)l) at the Kansas State University Neutron Activation Analysis
facility. This system ia shown in Fig. 4.3. The multichannel analyzer
was operated with a coarse grain of 100, a fine grain of 3.0, and
shaping set at 3. The pileup rejector was off, the input polarity was
positive, the gate was off, and the baseline was set at 4.76. The
analyzer was 1n the peak height analysis mode, the ADC IN was set for
the amplifier, and the memory of the CRT was set for 2048 channels. The
live count time was set at 400 seconds and the calibration equation was
0.934 keV/channel + 7.787. The lower discrimination level of the MCA's
single channel analyzer was set at 0,3, while the upper disecrimination
level was at 10.0.

1231 decay, from each

The resulting gamma-rays from the activated
sample vial were then counted on the Ge(Li)l detector. This detector
has a full width at half miximum of 2.37 keV for °°Co, 1332 keV gamma
rays. The adsorbent column samples were placed upright upon a
bremmstralung cap that was positioned on top of the detector while
counting. A diagram of this counting configuration is shown in Fig.

4.4, The bremmstralung cap was used in this case to filter out the beta

particles associated with the chlorine in the resin, discussed in
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Section 3.6, and the 1281 decay. Also, to insure that the counting

geometry remained constant the bremmstralung cap remained in place even
while analyzing the charcoal adsorbent column samples. However, no
bremmstralung cap was needed for counting the 56Mh gamma rays resulting
from the activated iron wire flux monitors, which were used to correct
for neutron flux variations using the method described in Section 3.1.
These iron wire flux monitors were analyzed by counting the 56Mn
gamma rays for 400 seconds upon the center of the detector.

Using the energy calibration equation, 0.934 keV/channel + 7.787

found using a known NBS source, the 323

I gamma-ray photopeak occurred at
channel number 466 and the region of interest for this peak was set from
437.6 keV to 448.8 keV on channel numbers 460 to 472. The region of
interests were selected so that the photopeak area was maximized while
the error (based on counting statistics, and computed by the Series 80

56Mh

MCA) was minimized. Also, for the iron wire flux monitor, the
gamma-ray photopeak occurred at channel number 898 and the region of
interest was set from 836.6 keV to 858.1 keV or channel numbers 887 to
910.

Once the gamma rays were counted for 400 seconds for each column
sample, each column's pulse height distribution was placed on magnetic
tape. A computer program, described in the theory section of this
thesis, was then used to subtract the chlorine component from these
pulse height distributions. After this subtraction, the 1281 photopeak
area was calculated, corrected for decay time, corrected for neutron

flux variations using the SGMh gamma-ray photopeak area, and finally

used to determine the collection efficiencies of the adsorbent columns.
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4,5 Standard Curve

In order to determine the amount of iodine collected omn each
column, standard curve data were obtained. The procedure for this was
to place varying amounts of solid iodine into five vials, each
containing 4 ml of resin. The amounts of lodine varied from 0.0010 g to
0.0215 g. These masses were weighed using the Mettler Balance. After
insuring that the contents of the vials were homogeneously mixed, they
were then heat sealed and wrapped with an iron wire flux monitor. These
samples were then irradiated at 10 kw for 2.5 minutes in KSUTMII RSR.
Analysis of these samples was done in the same manner as was described
in the preceeding sections. The counting rate (counts per second), due
to 1281, of each sample was then plotted versus the mass of iodine
placed in each sample. The resulting graph is the relationship between

the sample 1281 counting rate and iodine mass. Using a least squares

line fit on these data establishes the relationship between the measured

1281 counting rate and the unknown mass of iodine. Hence, the amount of

128

iodine in the columns may be determined from the I counting rate.

4.6 Experimental Conditions Investigated

In the following experimental conditions that were investigated,
each individual study was conducted inside a laboratory hood so that the
surrounding conditions could be easily controlled. Each study was
chosen because pertinent literature21 indicated that the chosen
parameters-—temperature, alr flow rate, incident mass of iodine, and

humidity--were fundamental to designing an adsorption column.
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4.6.1 Temperature

The first parameter chosen for study in this thesis was
temperature. In a laboratory or nuclear reactor location, temperature
cannot always be controlled. Thus, it is important that an adsorbent
work efficiently under varying temperatures. Therefore, temperatures
were varied inside the experimental hood and column efficiencies were
found for the correéponding experimental temperatures.

The temperature study was conducted by first using a Fisher
Infa-Rediator heat lamp and Master model HG 501 heat gun to elevate the
temperature in the hood. The resin and charcoal beds were then filled
and packed tight between the two column end screemns. The charcoal
filter paper was placed in the filter holder and the system was
assembled. Next, 0.02 g of solid iodine (Iz) was placed in the iodine
reservoir and the pump was started. Air was passed through the system
until all the iodine sublimed. The columns were then prepared for
irradiation as indicated in Section 4.2, also the equipment was rinsed
as indicated above. This study was done at temperatures of 23, 31, 40
and 50°C under the same above described conditions, for both an "A"

column of resin and charcoal.

4,6.2 Air Flow Rate

Air flow rate was chosen for the second study because of its impact
on efficiency. In the case of organic iodides, efficiency may vary
substantially with flow rate.

The flow rate study was then conducted at nominally 23%¢, Again,

the resin and charcoal beds were packed tight between the column end
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écreens, a charcoal filter was placed in the filter holder and the
system was assembled., Then, 0.02 g of solid iodine was placed in the
iodine reservoir and the pump was started.

The pump was run until all the iodine had sublimed, and passed into
the system. The columns were then prepared for irradiation and the
equipment was rinsed as in the temperature experiments. The study was
done at flow rates of 10, 15, 20, 25, and 30 1/min, which were varied by
turning the flow rate adjusting screw at the pump. The study was done

for both an "A" column of resin and charcoal.

4.6.3 Retention

For the third study, the retention of iodine with exposure to
varying temperatures was selected. If radioiodine was not retained
under varying temperatures, this could prove hazardous to persons in the
vicinity of the adsorption column.

An iodine retention study for both charcoal and resin was conducted
at temperatures ranging from 120 to 200°C. The procedure used was to
first place 0.02 g of solid iodine into 10 sample vials. Five samples
contained 4 ml of resin, and the other five contained 4 ml of charcoal.
These samples were then irradiated after being mixed to insure
homogeniety, heat sealed, and wrapped with an iron wire flux monitor.

The samples were counted on the MCA as before so that the 128

I counting
rate of the samples before heating could be found. After allowing for
each of the radioisotopes to safely decay, the charcoal and resin

samples were each heated in a Thermolyne, Type 10500, oven for 30

minutes at 120, 140, 160, 180, and 200°C, respectively. These samples
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were then prepared for irradiation as indicated above. After

N

irradiation the samples were again counted on the MCA so that the 1281

counting rate of the samples after heating could be found. The ratio,
1281 counting rate after heating X 100/1281 counting rate before

heating, represented the percent of iodine loss due to heating.

4.6.4 Incident Mass of lodine

Another study selected was to vary the mass of lodine in the
column. Under normal operating conditions, only very small amounts of
iodine are collected in adsorption columns. However, during a crisis
nuclear situation, larger quantities of iodine may suddenly be released
and collected in these adsorption columns., The effect of larger amounts
of iodine in these columns on efficiency was therefore examined.

The procedure used for this study was the same as those described
earlier except that this study was conducted at nominally 23°C and at a
constant flow rate of 25 1/min. Also, the mass of iodine which was
sublimed varied from 0.0102 to 0.1010 g for both an "A" column of resin

and one of charcoal,

4.6.5 Humidity

In order to study the effect of humidity on the efficiency of
iodine adsorption, for both resin and charcoal, another system was
designed and assembled from polypropylene. This system is shown in Fig.
4.5. Humidity was selected for examination since it is so inconsistent
under natural circumstances. In this study, the worst humidity case,
that of having the column saturated by water, was examined. This was
done by varying the amount of iodine incident on an "A" column of wet

resin and on an "A" column of wet charcoal immersed in 4 ml of distilled
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water. The "B" column, as before, contained 4 ml of resin, although in
this study it was saturated with water and immersed in 4 ml of distilled
water., The study was done a nominally 23°C and at a flow rate of 10
1/min.

The mass of lodine incident on the columns varied from 0.005 g to
0.024 g. After all the iodine placed in the reservoir had sublimed, the
punp was disengaged and the columns were prepared for irradiation as
before. The procedure for analyzing the samples and rinsing the

equipment were the same as those used in earlier studies.

4.6.6 Radon and Thoron Collection

The final study selected for examination was the effect of radon
and thoron adsorption in the charcoal and resin adsorption columns.
This study was chosen in order to determine whether or not the resin
would adsorb naturally occurring radon and thoron. It was hoped that
this study would show that the resin would not collect radon and thoron,
and thus would make a better iodine air sampler than charcoal.

The procedure used in this study was to first place 40 ml of resin
and 40 ml of charcoal into two separate cartridges. These cartridges
were cylindrical in shape, constructed of polypropylene, with stainless
steel, fine mesh screens attached at each end of the cartridge. These
cartridges were then each placed on an air sampler, and air was drawn
through them for 3-5 days. Environmental conditions during the 3-5 day
period were overcast, with low cloud cover after a rainfall. These
meteorological conditions were ideal for radon collection. After this
period, the cartridges were removed from the air samplers and the mesh

sereens replaced with uncontaminated mesh screens. The samples were
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then placed upon the Ge(Li)l detector, with the surface that was exposed
to the atmosphere nearest the detector surface. Any resulting gamma
rays from naturally occurring radon or thoron daughter product decay
were then counted for 5000 seconds. The resulting gamma-ray photopeaks
were then identified.

The second experiment in this study was to replace the screems with
filter papers and repeat the above described experiment. However, in
this case, any resulting gamma rays from naturally occurring radon or
thoron daughter product decay collected on the filter paper would also
be counted for 5000 seconds. Any resulting gamma photopeaks would then

be identified.
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5.0 RESULTS AND CONCLUSIONS

5.1 Mass of Iodine Collected

The relationship between the 1281 counting rate and the mass of
iodine collected is defined tco be the standard curve. This relationship
can be found by measuring the counting rate (counts/s) of the samples.
This counting rate results from the 442.9 keV gamma ray produced by the
decaying 1281. A plot of the measured counting rate versus the mass of
iodine (g) in the respective samples yields the graph shown in Figure
5.1. Applying a least squares line fit to these data resulted in the

following linear relationship between the measured counting rate C and

the unknown mass M of the iodine,
C = 60045.3 M - 0.5. (5.1)

The unknown mass of iodine present in a given sample can be determined
by measuring the counting rate, resulting from the gamma-ray decay of

1281, and by applying Equatiom (5.1).

5.2 Elevated Temperature

The temperature study was performed to compare the efficiencies of
the resin and the charcoal adsorption columns operated under the same
conditions at various ambient temperatures. The results of this study
are listed in Table 5.1l. From these data, the conclusion can be drawn
that, for an air flow rate of 25 l/min, and for the mass of iodine
collected up to 0.02 g, the temperature of the ilodine-air stream did not
affect the efficiency of either the resin or the charcoal columms. The
minimum efficiency, which occurred for charcoal adsorption of iodine,

was 99.7.
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Table 5.1 Experimental data for adsorption column collection
efficiencies, for both resin and charcoal, at
varying temperatures.
Ambient Column Efficiency (%)
Temperature Resin Charcoal
(oC)
23 99,9 + 3.8 100.0 = 3.0
31 99.9 £ 3.4 99.9 £ 3.2
40 100.0 = 2.8 99.7 £ 3.4
50 100.0 = 3.2 99.9 £ 3.8
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5.3 Adir Flow Rate

Iodine adsorption efficiencies of resin and charceal columns were
investigated as a function of air flow rate. This study was conducted
at nominally 23°C with 0.02g of iodine collected on the columns. As
shown in Table 5.2, air flow rates ranged from 10 1/min to 30 1l/min for
both resin and charcoal adsorption columns. The resulting collection
efficiencies, unéer these conditions, were greater than or equal to
99.7 £ 3.9%. Hence, the conclusion that variations in air flow rate,
in the range studied, will not affect the efficiency of either of the

adsorption columns is acceptable.

5.4 Mass of Incident Iodine

The incident iodine mass study was designed to study the effect, on
collection efficiencies, of flowing varying amounts of iodine through
resin and charcoal columns. It was expected that the efficiencies of
both the columns would be initially constant and possible greater than
99.9%, but that the efficiencies of the columns would decrease as the
mass of iodine incident on the column increased. However, as shown in
Table 5.3, the point that this would occur (breakthrough) was not
reached in this study. The range of the mass of iodine incident on the
column was from 0.0102g to 0.1010g. The study was conducted at an air
flow rate of 25 1/min and a nominal temperature of 23°C. Under these
conditions, the results are that the efficiencies of the two columns,
resin and charcoal, are equivalent and at least equal to 99.7 £ 5.7%.
Therefore, the conclusion that variations in the incident mass of
iodine, for the range studied, will not affect the collection efficiency

of either adsorption column is valid.
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Table 5.2. Experimental data for adsorption column collection effic-
iencies, for both resin and charcoal, at varying flow rates.
Alr Flow Column Efficiency (%)
Rate
(1/min) Resin Charcoal
10 100.0 = 3.9 100.0 = 3.0
15 100.0 % 3.3 100.0 = 3.6
20 99.9 + 3.1 100.0 + 3.6
25 99.9 £ 3.2 100.0 £ 3.8
30 100.0 £ 5.2 99.7 + 3.9
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Table 5.3. Experimental data for resin and charcoal adsorption column
efficiencies for various incident iodine masses.

Mass of lodine Incident
on Resin Column (g)

Column Efficiency (%)

0.0102
0.0231
0.0296
0.0567
0.0570
0.0587

0.0874

99.7
100.0
100.0

99,9

99.9

99.9

100.0

I+

3.7

-

b4

1+

4‘5

I+

3'8

i+

2.8

1+

2.9

I+

2.6

Mass of Iodine Incident
on Charcoal Column (g)

Column Efficiency (%)

0.0125
0.0128
0.0284
0.0515
0.0650
0.0799

0.1010

100.0
100.0
999
100.0
99.9
99.9

100.0

i 2.7

t 3.0
£ 2.6
t 2.7
t 2.6

£ 2.7
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5.5 Post Collection Heating

The ability of the resin and the charcoal to retain iodine at
elevated temperatures was examined in this study. Both charcoal and
resin, each with 0.02g of iodine adsorbed to them, were exposed for 30
minutes to temperatures varying from 120°C to 200°C. The results of
this temperature study are shown in Table 5.4. In the retention study
of charcoal, the conclusion drawn was that, under the temperature range
studied, very little iodine was removed by heating, even at the highest
temperatures. However, this study was conducted under static conditions
(no air flow across the adsorbent). Under flow conditions, the results
may be very dependent of temperature. The results of the resin study
were inconclusive. This was due to the fact that as the resin was
heated the individual beads would shrink. Hence, the volume of the
resin changed, resulting in a change in the detector counting geometry

and thus producing unreliable results.

5.6 High Humidity

The study of the effect of humidity on the efficiency of icdine
adsorption for both resin and charcoal columns was examined by varying
the amount of iodine incident (0.005g to 0.024g) on the column, at a
nominal temperature of 23°C, and an air flow rate of 10 1/min. The
humidity condition examined was the worst operating humidity case, that
of having the column saturated by water. These results, shown in Figure
5.2 for the charcoal columns, did not vary significantly. However, the
moisture did degrade the charcoal collection efficiency from 97.3 * 3.1%
to 97.1 = 3.3%. Resin column results, shown in Figure 5.3, were

disappointing since the moisture significantly degraded the collection
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Table 5.4. Experimental data for the retention of adsorbed iodine
on resin or charcoal at various temperatures.
1281 Counting Rate After Heatin
Tempegature 178 8 ¥ 100%
(7C) I Counting Rate Before Heating
Resin Charcoal
200 109.6 = 3.3 97.1 £ 2.6
180 107.3 £ 3.5 96,9 & 2.7
160 105.7 + 3.9 99.3 £+ 3.0
140 109.7 + 4.9 98.0 £ 3.3
120 105.4 = 5.3 103.2 = 3.6
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105 I 1 I I |
1001 =
95+ =
90— —
85 | i | | |
0.0 0.005 0.010 0.015 0.020 0.025 0.030
Mass of lodine Incident on Column (g)
Fig. 5.2. Charcoal adsorption columm efficiency versus

the mass of iodine incident on the column,
under high humidity conditions (columns
saturated with water).
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Mass of lodine Incident on Column (g)

Fig. 5.3. Resin adsorption column efficiency versus the
mass of iodine incident on the eolumn, under
high humidity conditions (columns saturated
with water).
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efficiency of the column. Thus, unless a column is to be used with
incident masses of iodine below 0.0053g impregnated charcoal is the
better choice for an iodine adsorption column under high humidity

conditions.

5.7 Radon and Thoron Collection

The radon and thoron collection study was performed with the hope
that the resin would be a better iodine air sampler than charceoal and
would not collect other radionuclides, such as radon and thoron. The
results of the radon and thoron collection study were obtained through
two experiments. In the first experiment, air was simultaneously drawn
through a resin and a charcoal adsorption cartridge. Neither the resin
cartridge nor the charcoal cartridge contained a particulate filter,
The second experiment was similar to the first, except in this case,
both the resin and charcoal cartridges contained a particulate filter.

The results of the first experiment showed that for both the resin
and charcoal cartridge, thoron daughter products were found in the
adsorbent material and on the cartridge wire screen exposed to the
atmosphere. However, from these data no conclusion can be drawn as to
whether or not there is an advantage to using charcecal or resin since
both collected particulate thoron daughter products.

The thoron daughter products, mentioned in the preceding paragraph,
where found to be particulate in form from the results of the second
experiment. When a particulate filter was used, no radon or thoron
daughter products were found in the adsorbent material of either resin

or charcoal. However, thoron daughter products were found on the filter
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papers (See Figure 5.4). This indicated that the thoron daughter
products are in particulate form and/or are attached to dust particles.
At the KSUTMII nuclear reactor, the problem described in section
1.0, where the charcoal filter paper collected radon and thoron daughter
products and triggered the iodine monitor alarm is due to the
particulate filter paper not the charcoal. This conclusion is based on
the results of the second experiment. One possible solution would be to
place a particulate filter in front (upstream) of the charcoal filter.
However, both the particulate filter and the charcoal filter must be
monitored, since radioiodine may exist in either particulate or vapor

form.

5.8 Conclusion Summary

From the studies conducted, it was determined that, in general,
resin and charcoal are comparable air samplers for iodine monitors,
exhibiting a nominal efficiency of 100%. Exception were the cases of
high humidities and cost comparison, where the charcoal was the better

air sampling material.
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6.0 RECOMMENDATIONS

A number of recommendations, based upon the results of the research
reported in this thesis, are now provided.

The first recommendation concerns the development of a mathematical
model to describe the operation of the resin adsorption colummn. One
approach would be to use the exchange zone method.22 In this methed,
an exchange zone is defined as the region within the column where the
concentration of iodine in the air-iodine gas mixture is reduced from
95% to 5% of the initial concentration. This zone first forms at the
beginning of the column. As additional iodine is collected within the
resin columm, the resin in the first zone becomes saturated and the zone
moves down the column to a new position. Zone transitions will continue
to occur at a constant velocity provided the iodine concentration
remains constant for a given temperature and flow rate. Hence, knowing
the length of the columm and the velocity at which the zone penetrates
the column, the time required for the iodine to pass completely through
the column can be found. Therefore, the column will only provide
efficient iédine collection until this calculated time. This model
could then be used to calculate the optimal size of the column. A good
indication that this model actually applies, to the resin columns
investigated, occurred during data collection. A zone was actually
observed to be moving through the column,

Recommendations involving experimental techniques are the
development of: a variable humidity study, experiments using differing
molecular forms and compounds of iodine, and a detector system that is

more efficient. As described in more detail below, the completion of
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each of these recommendations would improve the overall assessment of
the applicability of the resin to radioiodine collection in laboratories
and at nuclear power plants.

A variable humidity study would allow the efficiencies of resin and
charcoal to be compared over a wide range of humidities. This
recommendation is based upon the experimental results showing that at
high humidity conditions, i.e., the column being saturated with water,
resin and charcoal efficlencies showed a marked difference. The
charcoal's performance was much better at high iodine levels. However,
at lower iodine levels, the performance was equivalent for charcoal and
resin. Perhaps data measured at different humidities will explain this
disparity of efficiencies at higher iodine levels.

The study involving differing molecular forms and compounds of
iodine arises from the fact that the radioiodine in the gaseous
effluentsB, from a nuclear power plant, may be in several forms other
than elemental iodine (IZ)' These may be inorganic iodides, principally
HOI, and organic iodides, predominately CH3I. In order to determine
whether or not the resin adsorbs these forms, experimental studies
involving both organic and inorganic forms of iodine must be undertaken.

A more efficient gamma-ray detector should be selected for further
study of this resin, This detector system would allow measurement of
smaller quantities of iodine, This would allow investigations to be
performed at typical concentrations of radioiodine existing at both
nuclear power plants and in laboratories utilizing radioiodine. The
desirability of developing a laboratory lnstrument for routine

monitoring of radioiocdine could then be established.
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APPENDIX A: STANDARD DEVIATION DERIVATIONS

The equation used to calculate the standard deviation of the total
number of counts within the gamma-ray photopeak area is derived by using
the standard propagation of error technique which is (Glen F. Knoll,

Radiation Detection and Measurement, (Wiley, New York, 1979), p. 131)

If R is a function of N independent variables
qi, i=1l, .. , N, each of which has a standard deviation CFp then
(writing R = f(ql, SPTRRRR qn)) the standard deviation of R is

N

P =] R/ g% of . (A.1)
1=1
In order to calculate the standard deviation of the 1281 gamma-ray

photopeak area after subtraction of the chlorine component, discussed in
Section 3.6, Eg. (A.l) was then applied to the equations in the program
CL-SUBT. In program FDC, Eq. (A.l) was used to calculate the standard
deviation for the counting rate, corrected for neutron flux variations

and decay times, resulting from each adsorption column’s LB

1 gamma-ray
photopeak. Equation (A.l) was also applied to Eg. (3.22) in Section 3
to determine the gtandard deviation for each column's calculated
collection efficiency.

Spectrum 1A is defined as the pulse height spectrum for the
irradiated resin samples which did not contain iodine, i.e., virgin
resin. A representation of a typical spectrum is shown in Fig. A.l.
Spectrum 1B is the spectrum obtained by measuring the pulse height

distribution corresponding to the gamma-ray emission of the resin sample

which contains iodine (See Fig. A.2). General terms, related to the
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Fig. A.l.

CHANNEL NUMBER

Representation of a typicé.l pulse height spectrum for an
irradiated resin sample which did not contain icdine.
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CHANNEL NUMBER

Fig. A.2, TIllustration of the pulse height distribution for an
irradiated resin sample containing iodine.
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pulse height data, used to derive the desired equations are defined as

follows:

T = the total number of counts in the iodine region of interest
(ROI) after subtraction of the chlorine component.

A Z area of the iodine gamma-ray photopeak after subtraction of
the chlorine component.

R1 = the total number of counts in the iodine ROI of spectrum 1B.

R2 = the total number of counts in the iodine ROI of spectrum lA.

AZ = the gamma-ray photopeak area in the chlorine ROI of spectrum
1B.

Al = the gamma-ray photopeak area in the chlorine ROI of spectrum
1A,

NORM = the normalization factor, A2 / Al, that accounts for dif-
ferent decay times and neutron flux variations between
data sets.

F = the total normalization factor (0.9 x NORM). This is used

to prevent the subtraction of too much background between
spectra 1A and 1B.
Therefore, subtracting the background spectrum from the
spectrum of interest yields
T = Rl - FRZ' (A.2)
Using Eq. (A.l) and NORM = Az / Al gives
A

+ (_____gz_z 2
2 (Al) 5

1.2 2

o% (NORM) = @ %l (A.3)
1
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Then, from radiation ccunting statistics and Eq. (A.l), the variance of

Al is given by

o?(a) = o*(RoL ) + 2o’ + o731

chlorine

or
2 2 . N.2 2 2
a“(4,) = (VIND® + ) I(/B ) + (B,
where
INT = the total number of counts in ROI before subtraction of the
chlorine component,
Bl = the average background count immediately before the ROI,
B2 = the average background count immediately after the ROI, and
N 2 the number of channels in the ROI.
Similarily,
2 2 Nl 2 2
o (Az) =q (ROIchlorine) + (2) [o (Bl) + a (Bz)]
or

it

P4y = (DA GIOEDT + (BpYl .



Letting B = 0.9 x NORM x R2, and using Eq. (A.l) yields

o2 (B) = (0.9R2)2 o2 (NORM) + (0.9 NORM)?Z UZ(RZ) ,

where UZ(NDRM) is given by Eq.(A.3) and
o’ (Ry) = o (mT) = (VIFD)®.
Now, applying Eq. (A.l) to Eq. (A.2) results in

A = W@ + -niE®

where 0(32) is given by Eq. (A.4) and

cz(Rl) = o2 (INT) = (VIFD)Z .

(A.4)

(A.5)
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After the subtraction of the chlorine component, applying Eq. (A.1l)

to the area calculation yields
02<A) w 02(1‘) & (%) [02(31) + 02(32)]
or

@) =A@ + HAUUED? + (Bph,

where UZ{T) is given by Eq. (A.5) .

(A.6)
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Applying the correction for decay and neutron flux variations, derived

in Section 3.1, yields

where

& A & AItI[ Awref Mw 5 Aw(tw-twref)] (A.7)

o 400 A M ? *
s W wref

Ao = the initial iodine count rate,

AI = the decay constant for 1281,

Ey = the iodine decay time,

A = the reference iron wire, SeMn, gamma-ray

wref
photopeak area,

M = the reference iron wire mass,

wref

AW = the iron wire, 56Mh, gamma-ray photopeak area,

MW = the iron wire mass,

AW = the decay constant for 56Mn,

Ly = the iron wire decay time, and

t = the reference iron wire decay time.
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Applying Eq. (A.l) to Eq. (A.7) gives the variance for Ao,

ALt -2 (t -t h)
1T A M w' w wref
2 Ae wref w 2. 2 1.2 2
“ay) = G e e ot @@ + a0t
\4 wref
2 2 1 1 2 2 2 2
AW )" o (Awref) + Cﬁ—ﬁ o (M ) + ( a (A b ( )" @ (MWref)
ref W W wref
2 2 2 2
+ AW g (tw) + lw g wref)] , (A.8)
where GZ(A) is given by Eq. (A.6) , and
oP(e) = (0.0067)°
2 Y s
" (Awref) = ( wref)
o? a1 ) = (0.0001)>
2 _ 2
a“(a) = (/&)
2 ~ 2
a (eref) = (0.0001)
cz(tw) = (0.0167)2 , and
2 _ 2
g (twref) = (0.0167)
The efficiency E of a column (See Section 3.7) is given
by
Ao in "B"cartridge
E= (L - 8%y ¢ 100% . (A.9)

Ao in "A"cartridge
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Applying Eq. (A.l) to Eq. (A.9) results in

l .

2/0% m
LR} = (Ao in "A" cartridge

)z(cz(Ao in "A" cartridge)

& g "A"cartridge-Ao in "B"cartridge))2

+ UZ(AO in "B" cartridge)) + (- ( )
(A0 in "A"cartridge)

(cz(Ab in "A" cartridge)) , (A.10)

where UZ(AO) is given by Eq. (A.8)

Finally, the wvarlance of the counting rate ratio, count rate
after heating / count rate before heating, used in the temperature

retention study (See Section 4.6.3) is

1 )2
Ao before heating

cz(ratio) = ( Uz(Aoafter heating)

(Ao after heating) 29
+ (- 2) g (Ao before heating) s (A.11)
(AO before heating)

where 02(A0) is given by Eq. (A.8),



Appendix B
CL-SUBT List
This Appendix contains a listing of the Fortran WATFIV computer
program, CL-SUBT. This program was used to subtract the chlorine

component from the experimental pulse height distributions.

68
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sJca

/4 TIME={1,00)

/*TAPEBOO PLTO000Q2
/*TAPES PLTCCCO3
//TIM EXEC PGM=1EBGENER PLTGOQO4
F/SYSPRINT 0L SYS0UT=A PLTOQQOS
£/SYSUT1 DD UNIT=TAPEBQOQ VCL=SER=NAALLL,DISP=5HR,

i/ LABEL=l1sNLsysIN}),DCB=BLKSILE=1542 PLTOLOO7
f/ DD UNIT=AFF=SYSUT1,VOL=(,RETAIN,SER=NAALLL],

/7 LABEL={(2,NL++IN)DCB=BLKSIZE=1542

// 0D UNIT=AFF=SYSUT1,VOL=(,RETAIN,SER=NAALI1L),

/7 LABEL=(3,NL,sIN),DCB=BLKSIZE=1542

// DO UNIT=AFF=SYSUTL,VOL={,RETALN,SER=NAALLL),

/f LABEL={4,NLs»IN),DCB=BLKSIZE=1542

// DD UNIT=AFF=SYSUTL,VCL=(,RETAIN,SER=NAALLL),

/7 LABEL=(5,NL,,IN},DCB=BLKSIZE=1542

/45YSUT2 DD UNIT=TAPEL6QQ,VOL=(PRIVATE,RETAINI, PLTOO0QLS
// OSN=GETRM,DISP=(NEW,PASS),DCB=(BLKSIZE=1542) PLT00015
J/5YSIN DD DUMMY PLTCOQLls
//FORT EXEC FORTGCLG

//FORT.SYSIN DO * PLTOOQO18
C ¥4 S35 XXB X X% I3 RXRIIRFF B339 CL-SUBT #3233 xXRF 250k H 42933335 %P L TO0OLS
c =* PLTQCO20
C = WRITTEN BY J. Ke SHULTIS (&6/77). PLTO0021
C * REVISED 8Y J. F. HIGGINBOTHAM (7/80) PLTCO00Q22
C = REVISED BY D. G. GREEN 110/80)

C = : PLTCO023
C = CL-SUBT MAY BE USED TQ REMOVE GAMMA SPECTRA FROM A MAGNETIC

C = TAPE GENERATED BY THE CANBERRA SERIES B0 MULTICHANNEL

C =» ANALYZER. THIS CODE WILL THEN SUBTRACT THE CHLORINE CCMFCNENT

C # FROM THE GAMMA SPECTRA ANL PRINT THE RESULTING SPECTRA.

C = IT WILL ALSO CALCULATE PHOTCPEAK AREAS AND STANCARD CEVIATIONS

C = USING PROPAGATICN OF ERRORS.

C *

C * THE FIRST SPECTRUM, SPECTRUM L, [S FRCM AN IRRADIATEC

C = BLANK RESIN SAMPLE AND HENCE CONTAINS ONLY THE CHLORINE

C = PHOTOPEAK. THE FOLLOWING SPECTRA ARE THUSE FRCM WHICH TFHE

C = CHLORINE CCMPONENT IS TO BE SUBTRACTED.

C =» PLTCOO28
c =* EACH SPECTRUM REQUIRES TwC INPUT DATA CARDS. PLTQ0029
C = IF MORE THAN CNE SPECTRUM 1S TO BE PUNCHED, PRINTED LR PLICO03C
C * PLOTTED, THEN WITH EACH AOCITICNAL SPECTRUM THE FOLLCWIMNG "PLTCO031
C »* TWO JCL CARDS MUST BY PLACED BEHIND THE LABEL CARD AS FCLLOWS: PLTCCO32
C = /7 LABEL=(1,MLy+IN),DCB=BLKSIZE=1542 PLTOCO33
c * PLTO0034
C = ADD THESE CARDS PLTCOO035
C * // DD UNIT=AFF=SYSUTLl,VvOL=( ,RETAIN,SER=NAAGGS) , PLTCUO3 &
C ¢ £/ LABEL=(2,NL,,IN),0CB=8LKSTLE=1542 PLTCOG37
C = PLTCGO38
cC * REMEMBER TO INCREMENT THE LABEL NUMBER FOR MORE THAN 2 SFECTRA PLT00039
C = PLTCGC40
c @ PLTOO0O41
C #%krk3RehIBTFEREEREFERRIIRF BB RS S IR AP PR A B NA RN SRR AR B SRR DR N e 2% 32 FPLTC0042
C PLTO0G46
c FLTGOO4T
C *SXBAEXEF XX APEXFSEIFITII%RER [NPUT DATA ¥4k k3 I2kATIIIXBE23353PL 700048
Cc # FLTOGQ49
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EACH SPECTRUM RECUIRES ThO CATA CARDS. THE FIRST CARC FCRMAT

[S (14,12). THE SECOND CARC FORMAT IS5 (314l).
QUANTITIES ARE SPECIFIED CN THE FIRST CARD:

THE FOLLCWIAG

NCHNLS = NUMBER OF CHAMMELS IN THE SPECTRUM
NPRINT = 0 IF NG PRINT CUT OF SPECTRUM [S DESIRED
= 1 IF PRINT OQUT OF SPECTRUM IS DESIRED

THE SECOND CARD LEFINES THE QUANITIES:

I
I

L FOR THE [ODINE PHOTOPEAK
2 FOR THE CHLORINE PHOTCPEAK

MIN(T) = THE MINIMUM CHAMNNEL NUMBER UF THE
INTEREST

MAX(1) = ThE MAXIMUM CHAMNMEL NUMEER OF THE
INTEREST

K(I) = THE NUMBER OF ENCPCINTS IN THE REGION OF INTEREST

DEFINITICN OF OTHER QUANTITIES:

1D = SPECTRUM NLMBER

[ = 1 FUR ICCINE PHOTOPEAK

1 = 2 FOR CHLCRINE PHGTCPEAK

J = SPECTRUM NUMBER

AlL.d) = PHOTOPEAK AREA

1 = CHANNEL NUMBER OF SPECTRUM
J = SPECTRUM NUMBER

REGION OF

REGION OF

SPECT(IL,J)= SPECTRUM BEFORE SUBTRACTIUN CONTAINING

INTEGER VALUES

NORMALIZATIGN FACTGR
NORMALLZEL SPELTRUM 1
SPECTRUM HEFORE SUBTRACTION,
INTEGER VALUES ARE MNOW REAL

NORMI{J)
SPEC(I,J)
SPECRI(L»J)

PREVICUS
VALUES

PLTO0053
PLTOGOS54
PLTCOO61
PLTCQC62
PLTCGO6S
FLTOO0064&
PLTOCQ6T

SPECL1sJ) = SPECTRUM AFTER SUBTRACTICN, CONTAINS REAL
VALUES

KSPE({l,J) = SPECTRUM AFTER SUBTRACTIGN, PREVICUS REAL
VALUES ARE NOW INTEGER VALUES, USED FCR
PRINTOUT PURPOSES ONLY

INT = SUM OF THE VALUES IN EACH CHANNEL IN ThE
REGION OF INTEREST(ROI)

| = 1 FOR [CCIME PHOTOPEAK ROI

1 = 2 FOR CHLCRIKE PHCTCPEAK ROl

J = SPECTRUM NUMBER

SIGAS(I,J)= STANCARD CEVIATICN SCUARED OF PHOTUPEAK AREA

SIGR(I,J} = STANDARD DEVIATICN SQUARED OF THE SUM CF
VALUES IN RC1, CONTAINING REAL VALUES

SIGVIL.J) = STANDARD DEVIATION SQUARED OF THE SUM CF
VALUES IN ROI, CONTAINING INTEGER VALLES

SIGD(I+J) = STANDARD DEVIATICN SQUARED OF BACKGRGUND
IN ROI, CONTAINING REAL VALUES .

SIGNLJ) = STANCARD CEVIATIGN SQUARED UF TRE
NURMALIZATIGN FACTOR

SIGBILJ) = STANNARC CEVIATICN SQUARED OF THE

NURMALTZED SPECTRUM ROI
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C * SIGTLJY} = STANDARD DEVIATICN SCUARED CF ThHE SuM OF
C = VALUES IN ThE ROI AFTER SUBTRACTION GF THE
C = CHLORINE CLMPCNENT
C =* SIGILJd) = STANDARD DEVIATIGN SQUARED OF THE PHCTCFEAK
C * AREA AFTER SUBTRACTION OF THE CHLORINME
(S COMPONENT
C * PLTCCQTQ
C SRR FBLFXEXXEXFEF IR FF PSSR R CARARFF ISR RS IR I IBIABE XIS AR SRR 2330336 23PLTCOCTL
C FLTOO0Q72
DIMENSICN Al2,5)
INTEGER [DyNCHNLS
REAL NORM{5),SPEC(2048,5) '
INTEGER SPECT{2048,5),K{2),MIN{2),MAX(2)
REAL SPECR(2048,5)
DIMENSICON KSPE[204B,5)
REAL INT
OIMENSION SIGTI(5),SIGD(2,5)
DIMENSIUN SIGAS(2,5) ,SIGRI2,5),SIGNI5)+SIGB(S5),SIGI{5},51IGV(2,5)
c
C#¥s READ IN THE SPECTRUM PLTQOOT3
c
11 READ(5y99+ENC=24,ERR=23) NCHNLS,NPRINT
39 FORMAT (14,121
IFINPRINT.EQ.2) GO TC 22
DO 250 J=1.2
READ(5,700) MIN{J},MAX(J),K{J)
700 FORMAT({3]4)
250 CONTINUE
READ(B,98,END=244ERR=23) ID,{SPECT{I,ID),I=1,NCHNLS)
58 FORMAT(I&,(T7,16(1616)1) PLICOOB 1

c
C#*xCALCULATE THE ChLGRINE PHOTOPEAK AREA AND THE STANDARD DEVIATICN
C**#SQUARED OF THIS AREA
c
CALL AREA(SPECT oK ,MIN,MAX A2, 10+NCHNLS,SIGAS,SIGV)
C
C*#*PRINT THE CHLORINE PHOTOPEAK AREA AND THE STANDARD DEVIATICA
C¥#xSCUARED
c
PRINT900,1ID,A(2, 1D}
500 FORMAT{*Q" 4 X, "CHLORINE AREA'[24+1=1,EL16.8)
PRINT1000,S1GAS(2,1D)
1000 FORMAT('Q',4X,*STANCARD DEVIATICN SQUARED GF CHLORINE AREA=',E16.8
L
c
C*¥+#CALCULATE THE IODINE PHOTOPEAK AREA, TUTAL COUNTS IN THE REGION
Ce*¥CF INTEREST, THE STANDARD DEVIATICN SQUARED OF THIS AREA, AND OF
C**3THE IODINE REGICN OF INTEREST
c
CALL AREA(SPECT, K, MIN/MAXyAs1l, [D,NCHNLS,SIGAS,SIGVI
PRINTLIOOL,+ID,A(L,yID)
L1001l FORMAT('C',4X,'I10DINE AREA BEFCRE SUBTRACTION OF SPECTRUM!,[2,!=1,
1El6.8)
PRINTL003,5[GASI1,1D)
1003 FORMAT('Q',4X,*STANCARD DEVIATION SQUARED OF IODINE AREA=1,El6.8)
PRINTL002,ID,SIGVIL1, (0}
1002 FORMATI'0',4X,*SIGMA#%¥2 OF [QDINE RCI GF SPECTRUM! ,[2,'=7% ,El6.8)
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C

C PLICOO82Z

C#x%PRINT CUT THE SPECIRUM BEFCRE SUBTRACTICN OF THE CHLORINE COMPONENT

C
IF (NPRINT.EQ.0) GO 10 5 PLTICCO84
WRITE(64133) ID,NCHNLS,SPECTI(1.ID)

133 FORMAT("1*,*SPECTRUM ID=",14,5X,"SPECTRUM SIZE=?,15,5X,'CCUNT TIME
LISEC)=*y16,//)

WRITE(&,115) PLTCCQ88

L15 FURMAT(2Xy "CHNO® 18X ¢ *1 " 16X, 12" v6Xs?3"106Xe'4"16X4754,6X4%6%,6X, PLTQCQO89
L 970,6X,78%,6X,79%,5X%,°10%,/) FLTCCG9Q
NLINES=(2048-11/10.C
DO 201 J=1,NLINES PLTO0092
JJ=10%J=-10 PLTQCQ093
JST=JJ+2 PLT00094
JEND=JJ+11 PLICCCYS

201 WRITE(6+202) JJ,(SPECT{1,ID},I=JST,JEND}

202 FORMAT(2Xs14,2%X,1017) PLTO0097
JJ=L0%NLINES PLICOQSSE
JST=JJ+2 . FLTGOO99
WRITE(6,202) JJ, (SPECTILI,I0),I=JSToNCHNLS]

5 CONTINUE pLTOO101
GO TO 11 FLTOO0Ll27
C
c FLTOOl28
C#+% END OF PROGRAM OPTIONS PLICC129
c
22 WRITE(6,501) PLTGOL3Q

501 FORMAT{"1 NORMAL ENC - BLANK CATA CARD ENCCUNTERED?') PLTOO0131

CO 255 I=1,4
c

C¥%+(0OMPUTE NORMALIZATION FACTORS ANC THEIR STANDARD DEVIATICMS SQUARED
C
NORM{I+L)=A12,1411/4(2,1)
SIGNII+LI={(1/A02,0))1%%2)%SIGAS{2,I+1)#(AL2,1+1)/A12,1)#%22)3%2%5]G

1A5(2,1)
SIGBUI+L)=((0.9%SIGVILy L)) #32)#SIGN{I+1)+{(0.9*NORM{(I+1))**2)*SICV
111,41}

C

C*¥#*PRINT NORMALIZATICGN FACTORS

c

PRINTSOL,NORM(I+1)
901 FORMAT{*0*,4X, 'NORM=",E16.8)
C
C*+#NCRMALIZE BLANK RESIN SPECTRUM (CHLORINE CCMPGNENT)
c
DO 260 J=1,NCHNLS
SPEC{J, I+1)=NORM(I+]1)%SPECT{J,1)
260 CCNTINUE
255 CONT INUE
c
C#*¥SUBTRACT NORMALIZED BLANK RESIN SPECTRUM FRCM SPECTRA OF INTEREST
C
00 270 [=2,5
DD 265J=1,NCHNLS
SPECRIJ,+I)=SPECT(J, 1)
SPEC{JyI)=SPECR{JyT)=0.9%SPECIJyI)



265 CONTINUE
00 10 Ill=1,NCHNLS
10 KSPE{IIL,[}=SPEC{III,I)
12 CONTINUE
C
C##«PRINT OQUT SPECTRUM AFTER SUBTRACTICN OF CHLORINE CCMPONENT
C
WRITE(6,290) [,NCHNLS

250 FORMAT('17?, "SPECTRUM AFTER SUBTRACTIGN OF CHLORINE COMPUNENT®*,5X,?

1SPECTRUM ID=*,14,5X,'SPECTRUM SIZE=',15)
WRITE(6,291)
291 FORMATIZ2Xs"ChNO® yBXy '1* ;86X 12°%,6X,"3e6Xy 4" ,6Xe150,6X1&" 66X,

L Y70 86X, 189 ,6X,79",5X,'10%,/)
NLINES=(2048-1)/10.C
DO 292 J=1,NLINES
JJ=10*%4-10
J5T=Jd+2
JEND=JJ+11

292 HRITE(6+293) JJ,(KSPE(KK 1) sKK=JST,JEND)

293 FORMATI(2X,1442X,1017)
JJ=10=NLINES
JST=4J+2
WRITE(64293) JJ,(KSPEIKK [],KK=JST ,NCENLS)

c

Ca#sCALCULATE IODINE PHOTOFEAK AREA AND STANDARD DEVIATION SGUAREL

C**®#AFTER THE CHLORINE COMPONENT SUBTRACTICN

C
CALL REALAISPEC KeMIN,MAX gA,1, [, NCHNLS,SIGD,SIGR)
SIGT(I)=SIGR(1,1)+SIGB(I)
SIGI(I)=SIGT(I)+SIGCI(1,1)
PRINTZ275s01+A(141)

275 FORMAT('Q*,4X,"THE ICDINE PHOTOPEAK AREA CF SPECTRUM!',[2,*! = !,El6

1.8)
PRINTL275,S1GILLI}

1275 FORMAT('0?,4X, 'STANDARD DEVIATION SQUARED OF THE IODINE AREA=',Elé

1.8}
c
C*#*xCCMPUTE THE CHLORINE PHGTOPEAK AREA AFTER THE CHLORINE CCMPCNENT
C*#335LBTRACTION
C
CALL REALA[SPEC, Ky MINMAX 4929 [4NCHNLS,S1G0,SIGR])
PRINT280,0,A(2,1)

280 FORMAT*Q®,4X,"THE CHLORINE PHOTOPEAK AREA COF SPECTRUM',l1z,'=',El6

1.8)
270 CONT INUE
GO TO 199
23 WRITE(6,502)
502 FORMAT({'l ERROR IN CATA ENCGUNTERED = J0OB ABANDONNED'}
GO Tg 199
24 WRITE(6,503)
503 FORMAT(® UNEXPECTEDLY RAN CUT CF DATA')
159 CONTINUE
sTQP
END
SUBROUTINE AREA(X KoMINJMAX A 4N 3L NNy SIGAS,SIGV)
C
C#¥3 TH[S SUBROUTINE CALCULATES THE PHGTOPEAK AREA FCR A GIVEN REGIGN
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PLTCOL32
FLTO0G133
PLIGCLl34
PLTGQO135
PLTOOL36
PLTCCL137

PLTCOL42



C*3%0F INTEREST OF A SPECTRUM CONTAINING INTEGER VALUES. IT ALSC
C*##CCMPUTES THE STANDARD DEVIATION SQUARED OF THE SUM OF THE VALLES
C**x [N THE REGIUN OF INTEREST, ANG CF TRE PHOTOPEAK AREA.
"

REAL INT

INTEGER KI(M) dMIN(M) yPAX(M)s MX o MNgCoX (NNyL)

DIMENSIUN SIGAS(2,5),51GV(2,5)

DIMENSION A{2,5)

C=KIM}

MN=MIN(M)

MX=MAX (M)

N=MN+C-1

J=MX=C+1

SUM=0.0

D0 215 [I=MN,MX

SUM=5UM+X (I ,L)
215 CONTINUE

INT=SUM

SUM=0.0

00 220 I=MNsN

SUM=SUM+X(I,L)
220 CONTINUE

B=5UM/C

SUM=0.0

DO 225 [=J,MX

SUM=SUM#X{TI,L])
225 CONTINUE

BI=SUM/C

AlMyLI=INT=((B+BI)*0.5% [ HX=MA+11})

SIGVIM,LI=INT

SIGASIMLI=INT#{ (IMX-MN+1)%Q.5)%*2)+(B+81[}

RETURN

END

SUBROUTINE REALAIX K MIN,MAX AyPFsL,NN,SIGD,SIGR)
c
Ce¥x THIS SUBROUTINE CALCULATES THE PHOTOPEAK AREA FOR A GIVEN REGIGN
C#3#(QF INTEREST IN A SPECTRUM CCNTAINING REAL VALUES. IT ALSO COMPUTES
C#*3ThE STANDARD OEVIATION SQUARED UF THE SLM OF VALUES I[N THE REGICN
C*#¥0F [NTEREST, AND CF ThE BACKGHCUANG IN THE REGION OF INTERESI.
C

REAL X{NN,L),INT

INTEGER K(M) ¢MINIMI MAX (M}, MXMNoC

DIMENSION SICCU2,5),SIGRIL2,5)

OIMENSIUN A(2,5)

C=K(M)

MN=MINI{M}

MEX=MAX (M)

N=MN+(C-1

JINX-C+l

SUM=0.0

" DO 215 I=MN,MX

SUM=SUM+X(T,L)
215 CUNTIMUE

INT=SUM

SUM=0.4Q

DO 220 I=MN,N

SUM=SUMsX(L,L)

74
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224 CCGNTINUE
8=5UM/C
SUM=0.0
00 225 I=JsMX
SUM=SUM+XI[I,L]
225 CONTINUE
BI=SUM/C
A{M LI=INT-((B#B )20 .5¢{MX-MN+1))
SIGRIMLY=INT
SIGD{MpL)={( (MX—MN+1}20,5)%%2)*{B+81])

RETURN
END
/» PLTOUL92
//GO.FTQBFO0L DD OSN=GLTRM ,O[SP=0LC PLTCC193
//GO.SYSIN DD # FLT00194
SENTRY -
2048 1
4460 472 4
17391761 8
2048 1
460 472 4
173911761 8
2048 1
460 472 4
17391761 8
20448 1
460 472 4
17391761 8
2048 1
46Q 472 4
173917al 8
2048 2

S
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Appendix C
FDC List
Contained in this Appendix is a listing of the Fortan WATFIV
computer program, FDC. This program was used to correct the gamma-ray

photopeak area for neutron flux variations and radicactive decay.
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$JCce
C AR PR ELARRBFNFERF VPP koo xxR FOC ¥4 XXXV UEFIXFEERTHII IS D

WRITTEN BY D. G. GREEN (2/81).

FOC CORRECTS AN [ODINE-128 ACTIVITY FCR CECAY TIME

AND NUCLEAR REACTCR FLUX VARIATIONS. IT ALSD COMPUTES
THE STANDARD DEVIATION OF TRE ACTIVITY USING PROPAGATICN
OF ERRORS.

%% [NPUT DATA

ONE DATA CARD IS REQUIRED FCR EACH ACTIVITY CORRECTICHh.
THE FORMAT OF THIS CARD IS {2F10.5,2F10.3,2F10.1).
THE FOLLOWING CUANTITIES ARE SPECIFIED ON THIS CARD:

MwW=MASS OF THE IRON WIRE FLUX MCNITCR{GRAMS)

TW=DECAY TIME OF THE I[RCN WIRE FLUX MONITOR(MINUTES)

AW=MANGANESE~-56 PHOTOPEAK AREA FROM THE FLUX MCOMITCR

TI=I0DINE SAMPLE CECAY TIME(MINUTES)

AlI=JODINE-128 PHOTOPEAK AREA FRCM CL-35UuBT

SIGI=STANDARD DEVIATION SQUARED OF IODINE-128 PHCTOPEAK
AREA FRCM CL-5UBT

TO CCRRECT MURE THAN CNE ACTIVITY, INCREASE THE DG LGCP
PARAMETERS IN THE PROGRAM APPROPRIATELY AND ADO THE
APPROPRIATE CATA CARDS FORMATTED IN THE MANNER DESCRIBED
ABOVE.

DEFINITICN OF GTHER QUANTITIES:

LAMI=[CDINE~128 DECAY CCNSTANT{PER MINUTE]}

LAMW=MANGANESE~56 DECAY CONSTANT(PER MINUTE)

MREF=MASS OF THE REFERENCE IRCN WIRE FLUX MONITCRIGRAMS)

TREF=DECAY TIME OF THE REFEREMCE IRCN WIRE FLUX MCNITCR
(MINUTES)

AREF=THE REFERENCE FLUX MCNITOR MANGANESE-56 PHGTCPEAK
AREA

LR R R R R R R e R R e R R R e R P e R R R R AR L

t‘lnﬁﬁﬁt"‘ahﬁhﬁﬁﬂﬁﬁﬁﬁnnﬁhﬂnnﬁﬁﬁﬁnﬁﬁﬁﬁﬁﬁﬁﬁﬁnﬁﬁﬁﬁﬂﬁ{'\ﬁhhﬁn

REAL LAMI,LAMW,MREF,MW
LAMI=0.02773
LAMW=0.00447
MREF=0.0934

AREF=6299,.



TREF=1917.26467

00 10 I=2,5
c
Ca»»READ IN INPUT VALUES
C -

READ(5,100) MweTWyAW,TI,AI,SIGI
100 FORMAT{2F10.5,2fF10.3,2F10.1)

78

¢
C*#3CALCULATE CORRECTED ACTIVITY
c
A=((AI/400,0)*EXP (LAMI*TI)* (AREF/AR)* (MK/MREF)EXP (~LAMW* (TW=TREF)
S 0Y)
c _ ‘
Ce**COMPUTE STANDARC DEVIATION SQUAREC OF CORRECTED ACTIVITY
c -

SIGAS=A®A®( (SIGI/(AT%#2) )+ (LAMI 9214 (C.0L67%%21+(1/AREF )+ ([ L/ Nw)*%
12)%00.0001%%2 )+ (1/AW)+( (L/MREF)**2)%(0.0001%52)+2%( [LAMW$=*Z)#{0.01
1679%2) })

SIGAS=SIGAS#%0.5

c
C###PRINT CORRECTED ACTIVITY AND STANDARD DEVIATIGN
c
PRINTS9, 1
99 FORMAT('0%,4X, "SPECTRUM 1D=',13)
PRINTT,A
7 FORMAT('0¢,4X, ' ICOINE ACTIVITY=',£16.8)
PRINTB,SIGAS
8 FURMAT(%01,4X,* STANCARD DEVIATIGN CF IODINE ACTIVITY=',Elg.8)
10 CONT INUE
sige
END
SENTRY
0.CRB74 83.633 10391.0 39,133 263.3 34258.2
0.0875 10L.417  9527.C 52.4117 392.4 24451, 1
0.C85¢G 121.933 8308.0  69.1 14668.9  42614.8
0.0874 134.383 8110.C 75,717 15813.5 61319.1

/%
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Appendix D
Raw Data
This Appendix contains a series of tabular compilations of the raw
data taken during the parameter studies of resin and charcoal iodine

adsorbent materials.



Tab.‘_Le D-I. Data for the reference iron wire
flux monitor.

Iron Wire Iron Wire 561-1:1
Mass (g) ' Decay Time Photopeak Area
(min) (counts)

0.0934 197.267 6299.0
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ABSTRACT

A reasonable alternative to impregnated charcoal as an air sampler
for an iodine monitor was examined. Impregnated charcecal is a collector
of radionuclides such as xenon, as well as radioiodine. This collection
of other radionuclides makes monitoring of radioiodine with charcoal
difficult.

A study was undertaken to compare dehydrated Dowex MSA-1 resin to
Scott triethylenediamine Impregnated charcoal in order to determine
which would be a better air sampler for an iodine monitor. Parameters
examined in this research were elevated temperatures, ailr flow rates,
mass of incident iodine, post collection heating, and high humidity.
Each study was performed by allowing solid iodine to sublime and then be
passed through an adsorption column of either resin or charccal. The
quantity of icodine collected on these columms was determined using
neutron activation analysis. In this analysis, the columns were each
irradiated in the Kansas State University TRIGA Mark II nuclear reactor.
127

A neutron-gamma ray reaction produced 1281 from the stable I

collected in the column. Gamma-ray emissions from the 1281 were then
counted using a germanium lithium-drifted detector and multichannel
analyzer. From the counting rate data, measured for each of the
columns, the column collection efficiency was found.

In a final study, alr samplers were coperated with resin and

charcoal cartridges to determine whether charcoal and/or resin would



adsorb other radionuclides such as naturally occurring radon and thoronm.
After the air sampling was completed, the spectrometer system was used
to measure any resulting gamma rays from naturally occurring radon or
thoron daughter product decay.

From the studies conducted, it was determined that, in general,
resin and charcoal are comparable air samplers for iodine monitors,
exhibiting a nominal efficiency of 100%Z. Exception were the cases of
high humidities and cost comparison, where the charcoal was the better

alr sampling material.



