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1.0 INTRODUCTION

A typical decontamination and decommissioning concern for both Department of Energy (DOE)
facilities and nuclear power industry facilities is accurately determining the depth to which
radiological contamination has penetrated building materials. The optimal means of
decontaminating or disposing of such materials will often be dependent on this penetration depth.
The building material of primary concern in this study is transite, an asbestos-cement material
used for both internal and external walls at process buildings at the DOE Fernald site. Transite
was used extensively as building panels at DOE sites prior to the implementation of asbestos-
controlling regulations. Uranium processing at the Fernald site has resulted in the radiological
and chemical contamination of these panels. In the current era of remediation, prior fo the
disposal of these transite panels, the multiple concerns of toxic (asbestos containing) and
radioactive/chemical (process contaminated) waste must be addressed. Such a mixed waste is
much more costly to dispose of than singularly contaminated waste. It is therefore desirable to
minimize the amount of mixed wastes. In the case of transite, surface decontamination might be
able to restore the bulk of the material to the simpler toxic waste form. The viability of
decontamination hinges on the distribution of the contamination through the thickness of the
transite panels. Consequently, characterizing this contamination distribution is the first step in
the disposal of the transite. Note: the term “ contamination distribution” will be used in this
report to indicate the distribution of contamination through the thickness of transite samples, and
does not refer to the distribution of contamination on the surface of the samples unless
specifically mentioned.

The University of Cincinnati was contracted by FERMCO to develop a methodology to
determine the depth of radiological contamination for transite samples from the Fernald site.
This methodology development was to include a review of potential techniques and analysis of
Fernald transite samples using one or a few of the most promising techniques identified by this
review. In addition, an analysis of the metals contamination was requested. The penetration of
lead through the thickness of transite was of particular interest as windows and doors were hung
using lead washers and casings.

The potential exists for a variety of destructive and non-destructive techniques to be used to
characterize the contamination distribution through the thickness of transite. Destructive
methods primarily involve a sequential layer removal and subsequent analysis of the exposed
surfaces. Such destructive techniques are very limiting due to the difficulties in handling
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radiologically contaminated friable asbestos and the resulting constraints on sample size.
Consequently, a non-destructive technique capable of being implemented on site is preferred, as
this would bypass some difficulties in handling, and would minimize reliance on inferential
statistics by allowing a much larger scale sampling plan.
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2.0 TRANSITE SAMPLES

Transite is the brand name of an asbestos-cement construction material consisting of chrysotile
asbestos (magnesium silicate) and portland cement. Manufacturing consisted of multiple layers
of material bonded in a hydraulic press to form composite laminar panels. At the Fernald site,
these panels typically have the dimensions of 4'x10' and are either flat or corrugated in form.
The flat panels have a nominal thickness of 1/4" whereas the corrugated panels have a nominal
thickness of 3/8". In general, the flat panels were used for internal walls and the corrugated
panels were used for external walls. Transite was chosen as a building material for its strength
and ability to resist moisture, heat and corrosion. It has a density of about 100 Ibs/ft> or 0.16

g/cm’

The samples used in this study to develop a methodology for determining contamination
distribution were taken from two different buildings at the Fernald site with very different
process histories. One was building 7A where very little process contamination occurred, and
the other was building 2A where more process contamination occurred. Initially, 3 groups or
blocks of panelé (A, B, and C) were taken from these buildings for analysis. Each of these
groups consisted of 6 panels of approximately 10"x10". Group A were flat panels from the
interior of building 7A. Group B were corrugated panels from the exterior of building 7A.
Group C were flat panels from the interior of building 2A. Examples of the panels from these
three groups are shown in Figure 2-1. Each panel was further labeled 1 through 6 in each group,
resulting in panels Al through A6, B1 through B6, and C1 through C6. Furthermore, these
panels were subdivided into 9 samples each, a through i. For example, panel C5 was divided
into approximately 3"x3" squares C5a through CS5i, as shown in Figure 2-2. Each of these
samples represents the basic unit of analysis. This presumes a certain degree of contamination
homogeneity while allowing sufficient area for practical application of analytic methods.
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3.0 TECHNIQUES INVESTIGATED

After developing a set of criteria for which a technique must meet in order to be useful for
transite characterization, as many techniques as possible were identified and evaluated. These
techniques can be grouped into three categories based on the ability of the technique to provide
information about the contamination distribution in the sample: 1) destructive techniques which
require destroying the sample to provide any information, 2) non-destructive techniques which
only provide information about the surface of the sample and therefore require destructive
analysis to determine the contamination distribution, and 3) non-destructive techniques which
directly provide information about contamination distribution. As previously noted, entirely
non-destructive techniques (category 3) are preferred. The following techniques were considered
in an attempt to provide an encompassing range of possibilities while still remaining within the
realm of desired criteria. Such criteria consist of minimizing cost, ability to perform in-house,
time constraints, quantitative or qualitative nature of the results, ability to measure contamination
penetration distribution, accuracy, and precision. A more complete description of each
technique, including benefits and limitations, is presented in Appendix A.

3.1 NEUTRON ACTIVATION ANALYSIS

Activation analysis consists of first activating the sample and then measuring the resultant
induced activity. Activation is the process whefeby an element is converted to an unstable state,
creating a radioactive material. In the case of NAA, activation is accomplished using a high
neutron flux which can penetrate deeply and relatively uniformly. The target material captures
the incident neutrons and becomes unstable. The subsequent decay of the target material can be
measured with a high resolution gamma-ray detector such as a high-purity germanium (HPGe)
detector. The measured spectrum is characteristic of the material, allowing identification of its
constituent isotopes. No direct depth information is provided by standard NAA and a large
source of neutrons (typically a research reactor) is required. While means of providing depth
information can be envisioned, including the gamma-ray spectroscopy technique discussed in
section 3.9, most would result in using destructive analysis with NAA (category 1 and possibly
3).

3-1
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3.2 PROTON INDUCED X-RAY EMISSION (PIXE)

An energetic proton beam is created and directed onto the target. This results in the target atom
inner electron shell becoming excited. In returning to the stable ground state, the target atom
gives up the excitation energy in the form of an X-ray which has an energy characteristic of that
element. Typically, a Si(Li) detector is used to detect these X-rays and the resultant spectrum
allows elemental identification. The quantity of a particular element in a sample is determined
based on the assumption that the peak area is proportional to the amount of that element in the
sample. In general, PIXE is a non-destructive technique used for surface or near-surface analysis
and requires a proton accelerator. Consequently, PIXE would require destructive analysis to
provide definitive information about the contamination distribution in transite samples

(category 2).
3.3 ATOMIC ABSORPTION SPECTROMETRY

A parallel beam of photons is created by a hollow cathode atomic spectral lamp. The beam
passes through an atomized sample of the material of interest. The sample will attenuate the
continuum of radiation at frequencies corresponding to the target atom resonance transition
energies. The attenuated product radiation passes through a monochromator that filters through
the range of frequencies characteristic of the element of interest. Finally, a detector measures the
resultant radiation intensity. This method is normally based on analyzing for a single element
dependent on the monochromator. It is destructive (category 1) and provides no depth
information although it does result in a measure of the concentration.

3.4 X-RAY FLUORESCENCE (XRF)

Similar to PIXE in outcome, the source of incident radiation with X-ray fluorescence is high
energy photons such as gamma-rays and X-rays. Again this incident radiation causes vacancies
in the inner electron shells of the target material. The resultant transition of electrons to fill these
desirable, low potential positions results in the release of X-rays that are characteristic of the
element. A high energy resolution detector, such as a HPGe detector which is able to discern the
adjacent photopeaks, measures the resultant spectrum to identify the material. This technique
works best with a homogeneous solid material, and primarily provides surface or near surface
information. Consequently, XRF would require destructive analysis to provide definitive
information about contamination penetration depth (category 2).
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3.5 BACKSCATTER SPECTROSCOPY

A source, such as a Van deGraaf accelerator, that can provide a beam of collimated and
monenergetic particles directs these particles onto a very flat and thin target material. Most of
the particles will pass through the target while a few will be backscattered. A detector placed at
very large angles (> 160%) measures the energy of these backscattered particles. A kinematic
analysis based on knowledge of the initial and final energies and angle of scattering indicates the
mass of the target atoms. Quantitative analysis is subsequently performed through knowledge of
the scattering cross section of the material and number of scatters. This technique requires an
extremely uniform surface and would require destructive analysis to provide contamination
penetration depth information (category 2). ‘

3.6 INDUCTIVELY COUPLED SPECTROSCOPY (ICP) - ATOMIC EMISSION
SPECTROSCOPY (AES) AND MASS SPECTROSCOPY (MS)

An inert gas, usually Argon, is inductively coupled with a high frequency electrical field. The
resulting ionization of the circulating gas creates a very high temperature controlled plasma. A
sample of the material of interest is dissolved, dissociated and atomized before injection into the
plasma. This results in the material atoms being excited and emitting light at frequencies that
are unique to the material. The intensity and wavelength of the light is then measured by either
an emission spectrometer or a mass spectrometer. Quantitative analysis is based on the intensity
when compared to a standard sample. This method requires that the sample be in solution
capable of being atomized and provides no direct depth information (category 1).

3.7 ULTRAVIOLET (UV) FLUORESCENCE

When uranium is exposed to an oxygen containing environment, such as air, uranyl ions (UO,*?)
are formed. These ions fluoresce visible green light when exposed to ultraviolet (UV) light. The
concentration of contamination is proportional to the intensity at which the material fluoresces.
The presence of uranium contamination can be determined qualitatively by direct observation.
Image analysis through the use of standards to determine relative intensities could likely produce
quantitative results. However, such a quantitative analysis would require extremely consistent
photography. This method, developed by UC ALTER in 1992, provides only surface
information (category 2), but it is very quick, simple, and inexpensive.
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3.8 AUTORADIOGRAPHY

Autoradiography differs from typical radiography only in that the source of radiation is provided
by the sample itself and a separate radioactive source is not required. Typical radiography also
involves capturing the image of the sample on a photographic plate based on the attenuation of
the radiation from the separate source by the intervening sample, while autoradiography captures
the actual pattern and intensity of contamination from the sample. The only requirements are
film and a means of handling the light sensitive media for exposure purposes. Since
autoradiography also provides a spatial representation of contamination, it can be used for
comparison to the UV photography results for verifying which regions contain uranium
contamination. The greatest drawback to autoradiography is the lengthy time requirement which
can be as much as several days for sufficient exposure. Autoradiography provides surface or
near surface information and would require destructive analysis to determine the contamination
distribution through the thickness of the transite panels (category 2). |

3.9 GAMMA-RAY SPECTROSCOPY

While providing spectral data from a source of gamma-rays using a detector and multi-channel
analyzer is not a new concept, using such data with a knowledge of the source material
attenuation coefficient to determine the contamination penetration distribution is a pioneering
application of the existing technology. The greatest advantage of this technique is the ability to
obtain penetration data directly without having to remove layers of the material destructively
(category 3). In order to obtain sufficient photopeak areas for analysis, some samples may
require lengthy counting times on the order of days, depending on the degree of contamination.
A HPGe detector is recommended for high energy resolution to discern adjacent photopeaks.

34
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4.0 TECHNIQUES USED

To determine the contamination distribution in transite panels, the following were determined the
most appropriate methods, in accordance with the considered criteria, allowing use of current in-
house equipment to minimize cost while providing sufficient accuracy and precision in a timely
manner. These techniques include ICP for metals analysis, autoradiography, UV fluorescence,
and gamma-ray spectroscopy for radiological characterization. Of these, the only technique to
directly provide information about the contamination penetration distribution through the
thickness of the sample is the gamma-ray spectroscopy. This novel non-destructive technique
initially required the use of other techniques to provide verification. In order for the other
destructive techniques to provide information about the contamination penetration distribution,
successive layers of material must be removed to allow analysis at the various depths. One
possible concern with using the destructive techniques to verify the non-destructive technique is
that the latter provides a continuous distribution while the former provides data at discrete
thicknesses. However, the random nature of the thickness of layer removal and a sufficiently
large number of data points ensure that interpolation between analysis depths is valid for
comparison.

4.1 DESTRUCTIVE RADIOLOGICAL TECHNIQUES

Converting the surface analysis provided by UV fluorescence and autoradiography into a form
that reveals the contamination distribution in the depth of the transite requires the removal of
layers. Figure 4-1 shows an example of UV fluorescence and antoradiograph results compared
to a photograph in ambient light. Also, the data provided by these techniques is essentially
qualitative and verification of the non-destructive method requires a comparison with a
quantitative distribution. This quantitative data is provided by a Geiger-Mueller g - y survey
meter with measurements at each depth analyzed. A 3’x 2°x 4’ HEPA filtered glove box
containment built specifically for this project (see Figure 4-2) was used to deal with the unique
challenge of the neccessary creation of friable radioactive asbestos resulting from layer removal.
Samples of transite are placed in the containment along with an 18” belt sander , 1’ micrometer,
and double bagged B - y survey meter with a circular probe. Measurements of contamination
are conducted in-situ using the B — y survey meter. Measurements of thickness are performed

with the micrometer at the positions indicated by Figure 4-3.
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Each sample is then placed in a vise attached to a wooden base inside the containment such that
about half of the sample thickness extends above the top of the vise. The belt sander with rough
grit sandpaper is applied to remove layers of material. Applying the sander in a variety of
directions maximizes even removal. The thickness of the layer removed is dependent on both
the amount of pressure applied manually and the amount of time spent sanding. Through
meticulous sander control and technique, it is possible to remove a fairly even layer with a
minimum thickness of approximately 0.01". The variation in the thickness measured by the

micrometer at the eight positions is a measure of the evenness.

Before and after each of these layer removals, the sample is analyzed with the Geiger-Mueller
detector, UV photography, and autoradiography. The detector is used in the glove box by
placing the probe, which is about the same size as the sample, on the sample face and obtaining a
visually averaged reading from the meter face on slow response. For the UV photography, the
sample is placed in a light box equipped with ultraviolet fluorescent bulbs which emit light at a
254 nanometer wavelength. A 35 mm camera is attached to the viewport with 200 speed film,
and the exposure is of 4 second duration. For comparative purposes, consistent settings and
development are crucial. Different levels of contamination result in varied intensity hues and
shades of iridescent green. Optically scanning the image into a digital format allows some image
enhancement to emphasize the actual contamination. Correct interpretation of the UV images
often requires comparison to the equivalent autoradiograph. The autoradiographs are produced
using standard X-ray imaging film with a central polymeric base coated on both sides with a thin
emulsion covered with an anti-scratch layer. Two triple closure light-tight boxes were
constructed for film storage and sample exposure. The film is placed in direct contact with a
sample and stored in one of the boxes for an exposure time of either 24 or 48 hours, depending
on the contamination level. It has been empirically determined that a Geiger-Mueller detector
reading of about 1000 cpm or greater can be exposed for 24 hours with a sufficient image.
Lesser activity requires a 48 hour exposure. Consistent developing is provided by a standard
automated developer. One concern with this method of layer removal was the possibility of
cross-contamination between subsequent layers due to removal by abrasion. The results have
indicated that this effect is negligible.

4-2 000015
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Fig. 4-1: Example of results from a) UV photography and b) autoradiography of a
transite sample. The dark areas in b) correspond to regions with relatively high
radiological contamination and have associated dark green regions in a).
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Fig. 4-2: HEPA Filtered Glove Box for Destructive Transite Analyses.

Figure 4-3 - Thickness Measurement Locations
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4.2 NON-DESTRUCTIVE RADIOLOGICAL TECHNIQUE

A non-destructive method of measuring the contamination penetration distribution, which is
based on measuring the gamma-ray spectra from both sides of the sample is proposed and
validated in this study. In conjunction with knowledge of the gamma-ray linear attenuation
coefficient of the sample material and proper diffusion or leaching models representative of how
the material was contaminated, the ratio of photopeak areas at several energies from these
spectra can be used to infer the most-probable distribution of the contamination. Figure 44
illustrates the implementation of this technique. A high-purity germanium (HPGe) detector
provides sufficient energy resolution to discern all of the photopeaks of interest. Comparing the
measured ratio of the respective photopeak areas from both sides of the panel (Figure 4-4b) over
a range of energies to computer-generated ratios for possible contamination distributions allows
determination of the most-probable distribution (Figure 4—4c). While discussion of this
technique in this study is focused on its use with Fernald transite, the technique can be used with
any material for which gamma-ray spectra can be acquired on both sides of the sample.

4.2.1 Computational Techniques

4.2.1.1 Mathematical Representation of the Detector Responses

The number of gamma-rays detected from some spatially extended source will vary as the
geometric or material conditions of the medium change. Detecting gamma rays from both sides
of radiologically contaminated planar samples as in the currently proposed technique presents
such a situation. Fortunately, the point kernel technique has been a widely and successfully used
for modeling such radiation transport problems. In the point kernel technique, the fundamental
assumption is that the extended radiation source can be regarded as consisting of differential
isotropic point sources. Additionally, the effect of the radiation from the whole source at the
points of interest (the detectors in this method) can be obtained by summation of the
contributions from the individual differential sources that comprise the entire source region. In
most practical applications, the assumption that the original nuclear radiation is emitted
isotropically is physically valid when considering effects on a macroscopic scale.

In this application, only full-energy gamma rays are considered. This implies that only the
uncollided gamma-ray flux reaching the detectors from the source is considered. Consequently,
the computational complexity of the technique is greatly simplified and no generality is lost since
only photopeak count rates are being considered. Additionally, it has been assumed that the
contamination distribution is uniform in the x-y plane on both sides, but not in the z direction.

4-5
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Figure 44 Demonstration of the gamma-ray spectrometry technique using two detectors to
determine the contamination penetration distribution in the sample; a) shows
the sample-detector geometry; b) the gamma-ray spectra recorded by the
detectors and one of the full-energy peaks; c) shows the relationship of
measured response ratios as a function of gamma-ray energy compared to the
computer-generated ratios.
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Furthermore, the term contamination distribution will be used to refer only to the variation in the
z direction (the thickness of the sample). In the z direction, the contamination has been assumed
to penetrate through a certain thickness. Therefore, the transite panels are assumed to be a finite
volumetric radiation source with some kind of contamination distribution in the z direction.

When a detector is set before a finite planar volumetric source, the response of the detector,
J(E) to the source at a particular energy E can be written as:

¢(E)=_gjdvgdsg(z) f(x,y,z,r,6,E), 4-1)
-U(E)zp/(a+t-z)
fx,yzr8,E)=20"5 , 2)
i p
and
p= (x2+ )/2+r2+(a+t—z)2 -—2r(x2+ );)]/Zcos(tan_];)—)— 0))]/2, (4-3)
where:

f(E) is the uncollided gamma-ray current reaching the detector surface;

f(x.y,z,r, 0,E) is the kernel function;

g(z) is the unknown source distribution function in z direction;

U (E) is the linear attenuation coefficient of the source material;

E is the gamma-ray energy;

Sp is the source strength, particles per unit volume per unit time;

vy is the source volume;

54 1s the detector surface area;

t is the sample thickness;

a is the distance between the source surface and detector surface;
Consequently, the response ratio R(E) for a finite volumetric source at energy E can be written

as:
5 jﬂdv”ds g(z) fl(x,y,z,r,G,E)
2 Vs 54
R(E)= = , 4-4
= 9aE) [[favfds g(z) fy(x.y.2.r.6,E) 9
Vs Sd

where f7(F) and f>(E) are the uncollided gamma-ray currents over the surfaces of two detectors.
Due to the relative coordinates, the forms in kernel functions f; and f will be slightly different.

4-7
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Let C (E) be the detector count rate, then C(E)=ef (E), where e is a constant accounting for the
detection efficiency. For two identical detectors symmetrically positioned on both sides of the
source, e is approximately equal. Consequently, the detector response ratio R(E) can be
expressed as:

¢:(E) _ Ci(E)
92(E)  Cy(E)’

where C;(E) and C5(F) are the count rates for two detectors, respectively.

R(E)= 4-5)

Note that surface contamination is the limiting case of a volumetric distribution with the
penetration depth approaching zero. Therefore, the mathematical expression for a surface source
is similar to that of a volumetric source.

The major complication in solving the integral equation (4—4) for g(z) is that the solution
strongly depends upon the conditions of the kernel functions f; and f,, function R as it varies
with energy, and the relations of f7, f>, R, and g When the kernel functions are nonlinear
functions, as in our case, and function R is also a nonlinear function, it is difficult to obtain the
solution using either analytical or numerical methods. In some situations, no solutions exist.
However, if the unknown distribution function g(z) can be constrained to a properly chosen
mathematical expression in terms of physically valid assumptions, equation (4—4) can be
efficiently and dependably solved. On the basis of this fundamental idea, resolving equation (4-
4) becomes possible and, as it will be shown later, this is an efficient approach for determining
the contamination distribution. In the computation process, the Gauss-Legendre integration
method is used for multidimensional integrals.

4.2.1.2 Diffusion in Solid Materials

To select potential unknown distribution functions g(z) in equation (4—4), the manner in which
the sample was contaminated should be considered to obtain the proper analytical models. One
common situation which may occur when solid materials are radiologically contaminated is the
process of diffusion transport, during which the radioactive particles migrate into the material.
Although there are different models describing diffusion phenomena with various considerations
for different diffusion mechanisms (such as the bulk diffusion model, bulk diffusion with partial
fixation model, bulk diffusion with linear adsorption model, and some empirical models which
emphasize different diffusion mechanisms and conditions), all can be generalized into a
fundamental form. The major differences in such models are reflected by the expression of the
diffusion coefficient parameter. In general, if only considering the cumulative contamination
effect, the lumped parameter (or effective diffusion coefficient) can be used. The diffusion
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process is described by transport theory and can be used to obtain the theoretical solution given
specific initial and boundary conditions.

Generally, the one dimensional, time-dependent problem is represented by Fick’s second law and
can be written as:

9J __9d¢
dz at’

where J is the flux of particles, ¢ is the concentration of diffusion species. In a homogeneous

(4-6)

system, equation (4-6) can further be reduced to:
de _ Dﬁ'

at 97 @7

where D is the diffusion coefficient or diffusivity of the sample material.

For some specific initial conditions and boundary conditions, equation (4—7) can be solved
analytically. For the case of Fernald transite, two special cases are considered herein. Other
cases, and possibly other models (such as leaching), may be more appropriate for different
contamination scenarios.

4.2.1.2.1 Instantaneous Contamination Exposure
If the diffusing species is deposited as a “thin” layer, or an instantaneous contamination, on the
surface of the sample, the initial condition is:

c(z,0)=s06(2), ' (4-8)
where éis the Dirac delta function, defined by:

0, z=0
5(2)‘{1, 220 > (-9)
and
+o0
!cdz=s0, (4-10)

where s¢ is the quantity of diffusing particles deposited per unit area. Under these conditjons,
the analytical solution to equation (4-7) is:

oz,t)=(sy/ AnDt)"? ) exp(—z? / 4D1). “-11)
Equation (4-11) is the Gaussian distribution function and Figure 4-5 shows the contamination
penetration profile at two different times. Note the total amount of contamination remains
constant at sg, while the penetration depth increases with time.

4-9
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4.2.1.2.2 Constant Surface Contamination Exposure
If the sample is being continuously exposed to a constant concentration of the diffusing species,

a different situation arises. In this case, with initial condition: ,
c(z0)=cy, (4-12)

and boundary condition:
c(0,t) = cs, (4-13)
the analytical solution is:
c-c
— = erf(—F—) 4-14
c-c fZ;}Dt ’ (=149
where, “erf’ indicates the error function:
2 f 4
erf(x)= e du
f(x) 7;! . (4-15)

Since the transite panels were not radiologically contaminated when the buildings were
constructed, c¢g, represents the material background concentration which is approximately zero
compared to the contamination concentrations. Therefore, equation (4-14) can be further
simplified as:

oz,t) = c; erfqz/ 2AD1)"?), (4-16)
where “erfc” is the complementary error function (erfc=1-erf). cs has the physical meaning of
concentration of the constant source of the diffusing species at the surface of sample. Figure 4-6

shows the contamination penetration profile at two different times. Again the surface activity or
contamination remains constant with time, while the penetration depth increases with time.

Equations (4-11) and (4-16) are the analytical solutions of equation (4-7) for a planar geometry.
These distribution functions have been simplified into the following formats to consistently
represent the contamination distribution function g(z) in the detector response ratio equation
(4-4).

8(z)=S, exp(—/ll Z) , @-17)

and g(z)= S02 erf‘(lz z) , (4-18)

where it is assumed that effective diffusion coefficient D and time ¢ are constant for a specific
point in time. Therefore, Sy has the lump meaning of Sy;=s¢/2(pDt)1/2, Spp=c; , and A has the

4-10 0000<3



73

0.8
@O
N c(t,z)=S /2(nDt)'"%exp(-2/4Dt)
¥ 06 °
;,1—_5 t2 > t1
S 04
Q
i =
S
g 0.2
£
(@]

pa g ol a by gl v s g b ea g byl

0 1 2 3 4
Unit distance

Figure 4-5 Contamination distribution (Gaussian distribution) through thickness of
sample due to instantaneous contamination exposure using diffusion model at
two times, #; and ?,, after the exposure.

meaning A ; = 1/4Dt, A y = 1/2(Dt)?/2. Both parameters (Syg and 1) are expressed by the

diffusion coefficient and duration of time since the initial exposure to contamination.

A major objective in developing this non-destructive technique is to predict the possible
contamination distributions that may occur in the transite panels by using computer simulation of
the experimental measurement. Such simulation provides insight into how the radiation is
attenuated due to the different geometry and photon energies, and uses these characteristic
differences to evaluate the contamination distribution. Furthermore, this simulation not only
performs the calculation to resolve the equation (4) when the distribution function g(z) is given,
but also generates the optimum parameters to predict the most probable contamination
distribution , such as the A and S parameters in the diffusion model. These optimum parameters

are determined using a least-squares fit.
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Figure 4-6 Contamination distribution (complimentary error function) through thickness
of sample due to constant contamination exposure using diffusion model at two
times, #; and 75, after the initial contamination.

4.2.2 Distinguishing Spatial Distributions

4.2.2.1 Detector Responses to Surface and Volumetric Sources

The potential exists for both sides of Fernald transite panels to be radiologically contaminated. In
almost all cases, this situation occurs. Consequently, the contamination will penetrate into the
material from both sides. If the penetration depth is small, the material may be considered
surface contaminated and could possibly be decontaminated. If the contamination has penetrated
deeply into the material, it must be considered volumetric and could be distributed through the
panel thickness in any of a nearly infinite number of distributions. Therefore, two problems
should be considered: first, identifying whether the contamination is distributed on the surface
only or is volumetric; and second, determining the contamination penetration depth along with
the contamination distribution within the panel.
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To address these two problems, two fundamental parameters which are used in the analysis are
introduced. The first parameter is the response ratio which is defined as C1/Cp, where C1 and
C, are the photopeak counting rates in detectors 1 and 2, respectively, at a particular energy.
This ratio is used to reflect the difference in gamma-ray attenuation for the two sides and
analytically corresponds to equation (4—4). The second parameter is the boundary condition
ratio which is defined as S,/S;, where S; is the surface activity of the more contaminated side
(hot side), and S; is the surface activity of the less contaminated side (cold side). This ratio
presents the relationship of the boundary contamination levels on the two surfaces of a transite
panel. By choosing the hot and cold sides as sides 1 and 2, respectively, the boundary condition
ratio will always be less than or equal to unity (S2/S; < 1). The response ratio, however, depends

upon the geometry and gamma-ray energy.

4.2.2.2 Contamination on One Side

Some situations may exist where only one side of the transite panel is contaminated. This is
represented by S, being equal to zero. If the measurement geometry is arranged as illustrated in
Figure 4-7, the response ratio as function of gamma-ray energy will always be greater than unity
(C1/C3 2 1.0) and vary depending on the contamination distribution.

The different contamination distributions, shown in Figure 4-8a, will generate the corresponding
detector response ratios shown in Figure 4-8b. It should be noted that any contamination
distribution approaches the behavior of a surface source as the penetration depth approaches
zero. This is illustrated in Figs. 4-8a and 4-8b by volumetric source 1 (VS1), and the surface
source (SS). Different penetration depths will result in different response ratios (C1/C3) as a
function of energy as shown in Figure 4-8b. These differences permit the quantitative analysis
and distinguish the different source distributions. For example, if given a set of measured
response ratios (C/C) for a transite panel, one can compare this data with the computed results

to identify which distribution is most probable.

4.2.2.3 Contamination on Two Sides

When both sides of a transite panel are contaminated, the boundary condition ratio (S3/S;)
becomes non-zero and the analysis is more complicated. The recommended measurement
geometry for this technique when contamination exists on two sides is shown in Figure 4-9.
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Figure 4-8 a) Configuration of different contamination distributions used to model transite

panels contaminated on one side only. b) Corresponding response ratios
(C1/C>) for surface and volumetric sources shown in (a) for transite panels

contaminated on one side only. (SS is surface source, VS is volumetric source.)

The following analytical techniques were used to determine contamination distribution for such

cascs:

4-14

When S>#S1 and the boundary condition ratio (S3/S1) is known, a comparison between the
measured data and the computed data is possible to determine the most likely distribution
within the panel. For example, assume S3/S1=0.15 for the geometry in Figure 4-9. Several
possible contamination distributions with this boundary condition ratio are shown in Figure
4-10a. However, each distribution will contribute differently to the response ratio, as shown
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in and Figure 4-10b. When the proper distribution model is selected, such as selecting
diffusion model equation (4-9) adapted for a two-sided case, then comparing these simulated
results with the measured data, the true distribution can be identified.

When S»#S; and the boundary condition ratio (S5/S;) is unknown, we may use relationships
obtained by computer simulation to evaluate the maximum and minimum boundary condition
ratios. This is accomplished by using the measured response ratios. Referring to Figure 4—
11, the measured ratios R; and Rat energies 64 keV and 1001 keV, intersect with the

simulated surface source results at points of 2 and 4, respectively. The vertical line formed
by these points corresponds to the maximum possible ratio (S2/S1)max of approximately

0.30. If the shape of the distribution g(z) is known, as shown in Figure 4-11, the ratio S/S;

can be determined by intersection points 1 and 3, and is approximately 0.15. Otherwise,
when ratio S2/S1 is known, the distribution function g(z) can be determined by measured

response ratios R; and R, Note that the minimum boundary condition occurs when S5/S; is
zero. If R;and R are known and S5/S1=0, the distribution g(z) can be determined and
provides the other limiting case. Furthermore, this case produces the maximum penetration
depth of the contamination from the hot side of the panel. If S/Sj is larger than zero, then
the penetration depth of the contamination from the hot side will be smaller, and there will be
some contamination on the cold side.

Sample
HPGe HPGe
Detector Detector
#1 #2
a a
I t

Figure 4-9 Sample-detector geometry for transite panels contaminated on two sides
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Figure 4-10 a) Configuration of different contamination distributions in transite panels
when S2/S1=0.15. b) Response ratios (C1/C;) for different contamination
distributions shown in (a) when S,/S1=0.15. (SS means surface source, VS

means volumetric source.)
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Figure 4-11 Relationship of response ratio (C1/C;) and boundary condition ratio (S2/S)
(surface and volumetric sources for E=64 and 1001 keV).
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4.2.3 Technique Requirements

Implementing this technique requires both significant experimental response ratio data and the
significant material and geometric input data for the simulation. Knowledge of the gamma-ray
linear attenuation coefficient as function of energy and material is required to perform the
computer simulations. As a result, the linear attenuation coefficient of transite was measured
over the energy range of interest. These measurements were performed using a HPGe detector
with standard gamma-ray sources (Cd-109, Am-241, and Eu-152) and multiple transite panels to
provide variable thicknesses.

The accuracy of this technique increases with the number and energy range of detector response
ratios used. As seen in Figs. 4-8b, 4-10b, and 4-11, the response ratio varies most significantly
at low energies. Consequently, it is desirable to use as many response ratios as possible in the
low energy region. Furthermore, choosing the gamma-ray energies for recording response ratios
must be considered carefully. For the Fernald transite panels, it was first necessary to note that
the contamination is primarily from uranium processing, thus the radionuclides on the transite
panels are primarily U-235, U-238, and their daughters. Due to the relatively short period of
time (short compared to uranium and uranium daughter half-lives) that the contamination has
been on the transite panels (5-40 years), the number of gamma-ray energies to choose from is
limited. More precisely, U-235 will likely be in equilibrium with daughter Th-231, but may not
be in equilibrium with Pa-231 and its daughters; and U-238 will likely be in equilibrium with
daughters Th-234 and Pa-234m, but may not be in equilibrium with U-234 and its daughters.
These restrictions are due to the relatively long haft-lives of Pa-231 and U-234, respectively.
Thus, gamma-ray energies were chosen only from those radionuclides which were believed to be
in equilibrium with U-235 and U-238. Table 4-1 lists the resulting energies and radionuclides
chosen for analysis of the Fernald transite panels.

To obtain the most accurate response ratios, a HPG detector is recommended. Although the
technique calls for two detectors, only one HPGe detector is actually required. With one detector,
an experimental arrangement similar to that shown in Figure 4-9 is achieved by turning the
sample over and carefully controlling the geometric conditions. Furthermore, the high energy
resolution of HPGe detector is necessary to ensure that all counts are associated with the correct
full-energy gamma-ray peak.

4-17 ,.
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Table 4-1 Gamma-ray energies and associated radionuclides at which
response ratio should be recorded for Fernald transite panels

Energy, keV Radionuclide
63.29 Th-234
84.21 Th-231
92.80 Th-234
112.81 Th-234
143.76 U-235
163.35 U-235
185.72 U-235

205.31 U-235
766.62 Pa-234m
1001.22 Pa-234m

4.3 METALS CHARACTERIZATION TECHNIQUES
Metals contamination of transite was measured indirectly by performing leach tests and directly
by digestion of the transite surface layer. The following provides a description of the methods

used. Results of the analyses are provided in Section 5.3

4.3.1 Leaching Procedure

Transite panels are identified as A, B, or C series, corresponding to Building 7 interior flat
panels, Building 7 exterior corrugated panels and Building 2A interior flat panels, respectively.
Building 7 interior panels (A series) were used for the initial metals analysis.

Samples are prepared by cutting transite panel A6 into approximately 4 in. by 4 in. squares.
Panels were dry cut in a sealed glove box using a tile saw. Final dimensions of panel A6
samples are summarized in Table 4-2. The volume and surface area is calculated for each cut
sample to determine the required amount of leachant.

The procedure developed for this study is similar to the ANS 16.1 leach test. To provide more
aggressive leaching, without the destruction of the samples, the following changes were
incorporated into the standard leach test: 1) the strength of the acetic acid leachant is increased
from 0.04M to 0.4M and 2) the leachant was stirred continuously for all leach intervals.
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Table 4-2 Sample dimensions for transite panel A6

SAMPLE A6b
LENGTH mm in THICKNESS mm in
1 103.09 4.059 1 6.14 0.242
2 99.99 © 3.937 2 6.68 0.273
3 103.32 4,068 3 6.13 0.240
4 99.88 3.932 4 5.84 0.231
AVG(1&3) 103.21 4.064 AVERAGE 6.20 0.247
AVG(2&4) 99.94 3.935
SURFACE AREA (cm~2) 23146
LEACHANT VOLUME REQ'D (mL) 2315
SAMPLE A6c
LENGTH mm in THICKNESS mm in
1 100.10 3.941 1 6.21 0.244
2 103.04 4.057 2 6.6 0.260
3 99.87 3.932 3 6.14 0.242
4 102.51 4.036 4 6.23 0.245
AVG(1&3) 99.99 3.937 AVERAGE 6.30 0.248
AVG(2&4) 102.78 4,047
SURFACE AREA (cm ~2) 231.62
LEACHANT VOLUME REQ'D (ml) 2316
SAMPLE A6e
LENGTH mm in THICKNESS mm in
1 95.42 3.757 1 5.35 0.211
2 100.05 3.939 2 557 0.219
3 95:17 3.747 3 5.46 0.215
4 99.97 3.936 4 5.33 0.210
AVG(1&3) 95.30 3.752 AVERAGE 5.43 0.214
AVG(2&4) 100.01 3.938 -
SURFACE AREA (cm ™ 2) 211.81
LEACHANT VOLUME REQ'D (mL) 2118
SAMPLE A6f
LENGTH mm in THICKNESS mm in
1 95.07 3.743 1 5.08 0.200
2 102.38 4.031 2 5.74 0.225
3 95.22 3.749 3 5.41 0.213
4 102.36 4.030 4 5.33 0.210
AVG(1&3) 95.15 3.746 AVERAGE 5.39 0.212
AVG(284) 10237  4.031
SURFACE AREA (cm ~ 2) 216.53
LEACHANT VOLUME REQ'D (mL) 2165

19 000032



773

The leach vessels are constructed of unreactive polypropylene. To maximize the surface
exposed to the leachant solution, samples were suspended on an inert stand.

At the end of each leaching interval the specimen is removed from the used leachant and placed
into fresh leachant. The leachate is sampled and completely replaced after cumulative leach
times of 2, 7, and 24 hours from initiation of the test. Subsequent leachate sampling and
replacements are made at cumulative leach times of 48, 72 and 121 hours. Spent leachate is
analyzed through inductively coupled plasma (ICP) spectroscopy. Prior to ICP analysis, the
spent leachate is acid digested according to method SW-846:3050. ICP analysis is performed
according to method SW-846:6010A.

4.3.2 Surface Digestion

Abraded material from the surface of transite panels was digested and analyzed for total
extractable lead, uranium and barium content. Approximately 30 grams of dry, abraded transite
material taken from the glove box was provided in a single 250 mL HDPE container from which
all analytical samples were taken. The container was manually and randomly sampled to obtain
24 dry transite samples, labeled M1 through M24. Each sample consisted of approximately one-
half (0.5 +/-) grams of dry transite material.

Transite samples were placed in separate 100 mL PFA-lined pressure vessels to which 10 mL of
trace-metal grade nitric acid was added for digestion. Sample digestion was carried out in a
Questron Q 45 EnviroPrep microwave digester. The sample digestion procedure followed
USEPA S W-846, Method 3051 "Microwave Assisted Acid Digestion of Sediments, Sludges,
Soils and Oils".

Once digestion was completed samples were analyzed for total extractable lead, uranium and
barium c ontent using a Perkin-Elmer Optima 3000 Inductively Coupled Plasma - Atomic
Emission Spectrometer. The preparation, calibration and measurement of each analyte followed
USEPA SW-846, Method 6010A "Inductively Coupled Plasma-Atomic Emission Spectroscopy".
Calibration was carried o ut using a stock 10000 microgram/liter multi-element standard
produced by SPEX Chemical Division of Metuchen, NJ. Three replicate readings were carried
out for each analyte of each sample. The measured concentrations presented, based on 100 mL
volume, are the arithmetic average of the three replicate readings for each analyte. These
concentrations w ere then converted t o analyte concentrations as milligram of analyte per
kilogram of dry transite solids.
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5.0 RESULTS

5.1 RADIOLOGICAL CHARACTERIZATION RESULTS BASED ON DESTRUCTIVE
TECHNIQUES

Quantitative measurements with the Geiger-Mueller (G-M) detector allow the determination of a
contamination penetration distribution. This method also has a lower threshold of detection than
the qualitative techniques of UV photography and autoradiography. Below approximately 300 to
500 cpm on the G-M detector no contamination was visible under UV excitation nor after a 48
hour autoradiography exposure. It is possible that with a much longer exposure time, the
autoradiography could theoretically match or better this threshold, but would be impractical for
most applications.

Prior to performing any destructive analysis, the original uncut 10”x10” panels were surveyed
with portable B -y and « detectors in each quadrant of both sides in order to determine an
initial external contamination level. Figure 5-1 is a sample of this data. The remainder of this
initial survey data is presented in Appendix B.

Table 5-1 is a sample of the B-y count rate data collected using a G-M detector during the
destructive layer removal, Figure 5-2 illustrates these results. Data for all other samples
analyzed using this technique are presented in Appendix C. Figures 5-3 through 5-6 illustrate
the qualitative results collected using UV photography and autoradiography after each layer
removal.

5.2 RADIOLOGICAL CHARACTERIZATION RESULTS BASED ON
NON-DESTRUCTIVE TECHNIQUE

5.2.1 Linear Attenuation Coefficient of Transite

The measurements of transite attenuation coefficients were performed by using HPGe detector
with clean transite samples and three standard radiation sources. The major consideration in
choosing the standard radiation sources is ensuring that the range of gamma-ray energies should
cover the expected range of full-energy peaks for the transite sample. The measured linear
attenuation coefficients of transite are listed in Table 5-2 and are shown in Figure 5-7.

>-1 000034



T3

Samples from interior of Plant 7

Sample A-1 Measurement Date: 10/21/94

B~y 100 cpm

o 10 cpm

B-y 110 cpm

a 10 cpm

Side

1* — Painted Side 2 — Painted

Background Activity
B~y 50 cpm
a 0 cpm

Figure 5-1 Example of initial survey data
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Table 5-1 Example of layer removal results based on
. geiger-mueller detector -y measurements

original thickness: 0.257 inches

Sample C5a - sidel

Total Thickness Removed (inches) Activity (cpm)

0 19000
0.022 1200
0.032 500
0.046 100
0.057 80
0.074 50 (background)

Sample C5a - side2

Total Thickness Removed (inches) Activity (cpm)

0 3500
0.008 700
0.029 300
0.049 100
0.058 50 (background)
Sample Cba
20000 d
15000
E side side
& 10000 ™ e
oy
2 5000
Q P
° o bkad o MJ,QZ

005 0 005 01 015 02 0.25 0.3

thickness (inches)

Figure 5-2 Ex;lmple of contamination penetration distribution for sample C5a
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Sample C5a after one layer removal

graphed under a) ambient light and
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10

photo

b

b) UV light and c) after a 24 hour autorad

54

ig.

F

000038

5-5



T3

Fig. 5-5: Sample C5a after two layer removals, photographed under a) ambient light and
b) UV light and c) after a 48 hour autoradiographic exposure.
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(c)

Fig. 5-6: Sample C5a after three layer removals, photographed under a) ambient light and
b) UV light and c) after a 48 hour autoradiographic exposure.
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Table 5-2 Linear attenuation coefficients of transite

T3

Gamma-ray Linear Atten. Standard Standard

Energy (keV) Coeff. (cm™) Deviation(o) Source
59.53 0.62711 0.035 Am-241
88.05 0.37256 0.021 Cd-109
121.63 0.30455 0.010 Eu-152
244,63 0.22768 0.024 Eu-152
344.06 0.20117 0.011 Eu-152
410.88 0.19682 0.056 Eu-152
443.75 0.19992 0.046 Eu-152
778.66 0.13177 0.023 Eu-152
867.81 0.14106 0.039 Eu-152
963.81 0.12041 0.030 Eu-152
1085.58 0.13128 0.034 Eu-152
1111.80 0.12282 0.0264 Eu-152
1407.7 0.09764 0.020 Eu-152
0.700 et
0.600 | -

§ 0.500 | 3

S 0.400 - E

¢ - ]

g 0.300 - E

(3] - ]

%’ 0.200 E_ —é
0.100 | 3
o0 U IS

0 500 1000 1500

Figure 5-7 Linear attenuation coefficients of transite

Gamma-ray Energy, keV
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5.2.2 Technique Validation

To simulate the contamination of Fernald transite panels, the complementary error function
equation (4-18) (the diffusion transport solution for the constant contamination case) can
typically be assumed. While some of the Fernald transite was almost continuously exposed to
contaminants, most of the transite was exposed more discretely. However, these discrete (or
instantaneous) exposures were repeated frequently enough over time to approximate a
continuous exposure. This assumption of continuous exposure is certainly not rigorous, but is
likely a good approximation. Based on equation (4-18), considering contamination on both
sides of a sample, and normalizing the contamination level on the hot side to unity, the predicted
contamination distribution can be expressed as: '

g(z)=erfdAz)+ R erfA (1-z2)) | (5-1)

where A; and A are the lumped effective diffusion coefficient and diffusion exposure time for
side 1 and 2, respectively, Rp is the boundary condition ratio, ¢is the thickness of transite panel,
and z is the distance from the hot surface. Based on the experimental data the simulation
performs a ¥2 minimization® with A 1, A2, and Rp as fit parameters to determine the most probable

contamination distribution.

As mentioned previously, the choice of an appropriate model is essential to accurately predicting
the actual contamination distribution. This choice should be achieved by using physically valid
assumptions in terms of analyzing the actual conditions under which the sample was
contaminated. For Fernald transite, the diffusion transport theory can be used as a reasonabie
assumption. In other cases, the choice of models might differ.

To demonstrate the ability of this technique, a series of Fernald transite samples were used in the
measurement geometry shown in Figure 4-9. For one such sample, C5a, the measured boundary
condition ratio was S,/S1= 0.184 + 0.0535 (as measured using a Geiger-Mueller detector). The
measured response ratios are listed in Table 5-3 and Table 5—4, and shown in Figure 5-8 for two
different spacings a=4.0 cm and a=7.1 cm, respectively. Note the sensitivity of the technique to
small changes in the sample-detector geometry as indicated by the two different spacings. This
sensitivity allows the computer program to accurately predict the contamination distribution
based on the measured response ratios. In order to use the measured response ratio data to
generate a contamination distribution using the computer simulation program, it was assumed
that the distribution in the transite sample was represented by equation (5-1). With these
conditions and assumptions, the computationally predicted contamination distributionfor a=4.0

5-9
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cm spacing is g(z) = erfc(22z) + 0.195 erfc(22(t-z)) and produces response ratios similar to the
measured data, as shown in Figure 5-9. These gamma-ray spectroscopy technique results were
verified using the destructive G-M detector technique results in order to establish the actual or
true contamination distribution for sample C5a. The measured layer removal results are shown
and compared to the best fit distribution of g(z)= erfc(22z) + 0.195erfc(22(t-z)) in Figure 5-10.
The results for all other samples analyzed using this gamma-ray spectroscopy technique, along
with the comparison to the G-M detector results, are presented in Appendix D.

Note, one fundamental assumption made in order to implement this technique is that the
contamination distribution is uniform in the x-y plane throughout the sample. Actually, the
Fernald transite samples were nonuniformly contaminated with randomly distributed
contamination (as indicated by autoradiography) on the surfaces of both sides. Nevertheless, the
computer-generated distribution accurately predicts the contamination distribution as measured
using the destructive technique. These results imply that the technique is insensitive to the |
assumption of a uniform distribution in the x-y plane. Therefore, the proposed technique is not
limited by the uniform contamination exposure case.

Table 5-3 Measured response ratios (C;/C>) for CSa (a=4.0 cm)

Energy, keV Ci C Ratio(C1/Cp) c
63.91 42226 28435 1.4805 0.01417
84.60 17157 12497 1.3794 0.03042
93.11 209302 155066 1.3498 0.0035279
113.24 8886 6661 1.3340 0.04905
144.09 36945 28331 1.3040 0.01321
163.56 15722 12051 1.3046 0.02270
185.54 188186 145789 1.2908 0.004821
205.35 14697 11403 1.2889 0.02118
765.35 5841 4765 1.2258 0.03452
1001.00 15564 12795 1.2164 0.01578
Where, C, is the net photopeak area for detector 1;

C, is the net photopeak area for detector 2.
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Table 54 Measured response ratios (C;/C>) for C5a (a=7.1 cm)

773

C, is the net photopeak area for detector 2;

1.500
1.450
1.400
1.350
1.300
1.250
1.200
1.150
1.100

2

1

Measured RatioC /C

Energy, keV Ci %) Ratio(C1/C2) o
63.91 41539 29618 1.4025 0.01340
84.60 17467 13175 1.3258 0.02953
93.11 209305 159248 1.3143 0.00508
113.24 9637 7575 1.2722 0.03651
144.09 37653 30367 1.2399 0.01335
163.56 16626 13476 1.2337 0.02331
185.54 188966 152397 1.2399 0.00463

205.35 15126 12327 1.2271 0.02529

765.35 9157 7907 1.1581 0.02389

1001.00 15826 13740 1.1518 0.01452
Where, C, is the net photopeak area for detector 1;
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Figure 58 Gamma-ray spectroscopy technique measured response ratios as a function of

y-ray energy for Case 1 (¢=4.0 cm) and Case 2 (a=7.1 cm) for Sample C5a.
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C5A Transite Panel
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Figure 5-10 Comparison of destructive G-M detector technique measured contamination
distribution and the distribution predicted by the gamma-ray spectroscopy
technique for transite sample C5a.

5.3 METALS CHARACTERIZATION RESULTS

5.3.1 Metals Characterization Results - Leach Testing

Figures 5.11 through 5.14 depict results from the static leach tests on A6 transite samples. The
principal contaminant of concern is lead; barium, chromium and uranium are also quantified.
Results from the ICP metal analyses are listed in Tables 5.5 through 5.8.

Lead, chromium and uranium results indicate a peak release of contaminants following the 24
and 48 hour leach intervals. Subsequent leach intervals show decreased amounts of
contaminants released. Barium results indicate a peak release after the first leach interval and
decreased releases for each interval thereafter. Variations among samples A6b, A6¢c, A6e and
A6f are considered minimal. Following 121 hours of leaching, the maximum cumulative
amounts of lead, barium, chromium and uranium are 0.67 ppm, 0.35 ppm, 0.19 ppm and 1.92
ppm, respectively.
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5.3.2 Metals Characterization Results - Surface Digestion

A total metals analysis was performed to determine the total amount of contamination in the
surface layer of the transite. Lead was the principal contaminant of concern. Barium and
uranium analyses were also performed.

Results of the digestion of surface transite are provided in Table 5.9. These results represent
total surface extractable metals.

While these numbers for lead contamination seem large it is important to note that very little of
this lead appears leachable (see Section 5.3.1). To produce these results, contaminated surface
material was sanded off of the transite samples then digested in concentrated nitric acid at 200° C
and 200 psi. Also, the final concentration (calculated) is based on the surface abraded material
and not the complete sample.

5-14
000047



LEAD CONC, ppm

CUMULATIVE LEAD CONC, ppm

T3

N L=

1000

/ WV

05 / N~
v/ "~
0.4 ,/;/
0.34w
0.2
0.1

cO 20 40 60 80 100 120 140

LEACH INTERVAL, h
—— ABb —5— ASc —m— ABe —S— ABf

35

° i

A/

g i

8e) /i

%4
& /V
, %
i
i 71
0.5 ,1//'4
= l l
c ]
1 ML T L")

CUMULATIVE LEACH TIME, h

Figure S-11 Leached lead from A6 transite samples

5-15

0000643



BARIUM CONC, ppm

CUMULATIVE BARIUM CONC, ppm

140

&-
24
N
1-
e —
G T ! }
0 20 40 60 80 100 120
LEACH INTERVAL, h
—w— ABb -E— Abc —m— Abe —E— ASf
14
ﬂ'———‘

1 =affiF
2 e

1T xﬁ?’z in

=T |
10 ,// -‘E‘EE;
A
'
é,/
8 1
c R} 1] LR L LR
1 10 100 1000

CUMULATIVE LEACH TIME, h
Figure 5-12 Leached barium from A6 transite samples

5-16

773

000049



CHROMIUM CONC, ppm

CUMULATIVE CHROMIUM CONC, ppm

V773

0.14

o . r— T
0.18 / /s\\ //
&—z/;‘ _\\\\é%ff’

//

0.12 .\{Z
0.1

0.06
0.04
0.02

o,

(o] 20 40 60 80 100 12 140
LEACH INTERVAL, h
—»— ABb —E— ASc —— Abe —&— ABf

1

0.8 £
/
0.8 7 }
/
0.7 // A
0.6
0.5 /(,
04 v
0.3
/1/
A
0.2 //
"

0.1 I

% ' e 100 1000

CUMULATIVE LEACH TIME, h

Figure 5-13 Leached chromium from A6 transite samples _
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6.0 CONCLUSIONS

The results indicate the degree to which a given sample can be labeled as surface or
volumetrically contaminated by showing a contamination penetration distribution. These
distributions adhere closely to what is predicted by diffusion theory given the appropriate initial
conditions. The subtle and gross variations of the distributions are derived from the differences
in these initial conditions, the primary of which is the process exposure history of the sample.
Given the primary concern of determining whether the transite can be decontaminated such that
the bulk of the material is at or below background contamination levels, a key characteristic of
interest is the depth to background or the depth of material that potentially requires removal.
Should this characteristic be too great, decontamination may not be viable for a given method of
removal. Figure 6.1 shows the number of sides of samples that were analyzed to have
contamination down to a certain depth. The majority of the samples had a background depth of
approximately 0.055 inches, all of which had a high level contamination process history. With
an average total initial thickness of 0.259 inches and contamination on both sides of all samples,
this represents about 40% of the total material. For samples with a much lower contamination
process history, the background depth was only approximately 0.010 inches which would
represent about 8% of the total material. The viability of decontamination is illustrated to be
heavily dependent on the process history.

A new gamma-ray spectrometry based technique to evaluate the radiological contamination
penetration depth for planar samples has been described and validated. This technique provides
a qualitative and quantitative method to identify whether the radiological contamination is
surface or volumetric. The technique predicts possible contamination distributions that may
occur inside the samples non-destructively through the process of measuring response ratios and
the boundary condition ratio, and a subsequent computer simulation using these data and
corresponding geometric and material properties to obtain the predicted distributions. If the |
conditions under which the samples were contaminated are taken into consideration with
reasonable assumptions, this technique produces satisfactory results. The value of this technique
is its concept of using gamma-ray spectrometry without destroying the samples and that the
computer simulations produce a reasonable representation of the actual contamination
distribution. While this study has focused on the characterization of Fernald transite, other
radiologically contaminated materials could also be characterized using this technique, as long as
gamma-ray spectra can be acquired from two opposing sides, a range of photopeak energies are
available, and the assumption of uniform contamination across the surface is not restrictive.
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Appendix A

RADIOLOGICAL TECHNIQUES INVESTIGATED

A.1 ACTIVATION ANALYSIS

Activation analysis is an important experimental technique arising as a by-product of the nuclear
energy program developed during the last quarter century. It involves the production of
radioactive nuclides from stable elements present in the sample under investigation. Each of
these radioactive nuclides has characteristic properties including type, intensity and energy of the
emitted radiations and half-life. These characteristics can be identified using relatively simple
equipment with excellent sensitivity for quantitative estimation.

Activation analysis consists of two main steps:
e activation of the sample
e study of the induced radioactivity

A.1.1 Method

In principle, activation analysis may be based on any artificially induced nuclear reaction. We
may distinguish three main possibilities:

e First, the energy given to a nucleus by bombardment with energetic gamma-ray quanta or
electrons may be used to promote emission of nuclear particles or translation of nuclei into
excited states. '

e Second, heavier particles, such as protons (such as PIXE or PIGE), deuterons and other
nuclei may be accelerated by electrical means and used to bombard the sample. Such
particles may be incorporated in the nucleus, altering its mass, charge and radioactive status
or may bring about an internal rearrangement resulting in the emission of other nuclear
particles. Electrically-charged projectiles may be furnished with any desired energy using
particle accelerators, but have the disadvantage that they penetrate the sample short
distances. Though this property can be turned to advantage in the analysis of surface
layers. (Furthermore, the energy of the bombarding particles is largely transformed into
heat without inducing any nuclear reactions.)

e Third, nuclear reactions of the kind desired for activation analysis are most generally

induced by neutron bombardment. Neutrons may be used to produce radioactive nuclides
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from almost every element. In general, neutrons have good penetration, allowing a
homogeneous activation of the entire sample.

The optimum nuclear reaction is chosen with the following considerations in mind:
¢ Production of large activity should occur within a reasonable irradiation time.
o The radioisotope produced should have a reasonable half-life (T;,>1min).
e The type and energy of the radiation emitted by radioisotope should not present great
counting difficulties.
e A minimum number of interfering reactions should be involved.

If the constituents of the sample are completely unknown, one starts with neutron irradiation
because neutrons are absorbed by almost all isotopes. If the composition of the sample is known,
then the best reaction for identification of the isotope of interest should be chosen. The
“optimum nuclear reaction” depends not only on the isotope and the bombarding particles but
also on the composition of the sample that is being analyzed.

A.1.2 Advantages

The distinctive advantages of activation analysis are as follows:

e The ultimate sensitivity is excellent for nearly every element and is, for many elements,
better than can be obtained by any other technique.

e Non-destructive analysis is often possible.

o Themethod has high sensitivity.

o It is generally possible to analyze for several elements ina single sample at a time.

¢ Requires a sample with very small mass.

¢ Provided that no pre-irradiation chemical manipulation is attempted, the technique is free
from blank errors caused by the use of contaminated reagents.

e Activation analysis allows the opportunity to distinguish between different isotopes of an

element.
e Provides results rapidly.

A.1.3 Photon Activation

Photon activation complements neutron and charged-particle activation. (Photons are better than
neutrons in certain cases.) For example, photons are preferred if the product of the neutron
activation is an isotope that has a very short half-life or emits only low-energy betas or low-
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energy X-rays. The cross-section for photonuclear reactions are generally smaller than those for
neutrons and charged particles. The reactions most easily induced by photons are of the form (y,

Y), (v,p) and (y,n) reactions.

A.1.4 Activation with Charged Particles (and Proton Induced X-ray Emission, PIXE)

Such projectiles have very limited range in solid matter and it is, therefore, not possible to
achieve uniform irradiation unless an extremely thin sample is used. A further difficulty arises
because the energy spectrum of a beam of charged particles changes with depth of penetration
into the analytical sample. It is not possible, therefore, to make calculations on the basis of a
constant cross-section, as can normally be done for neutron and photon activation.

These reactions have a threshold.

Protons, deuterons and alpha particles are the most commonly used.

See Section A.2.

A.1.5 Activation with Neutrons (Neutrons Activation Analysis, NAA)

Instrumental Neutron Activation Analysis (INAA) is a widely used technique for multi-element
analysis of environmental, geological and biological samples. The identification and quantitative
determination of activation products in INAA is conventionally achieved using high resolution
gamma ray spectrometry (100-300 keV).

A.1.6 The Reactions:

Although charged particles and gamma rays may be used as bombarding particles, neutrons are,
by far, the most frequently utilized for irradiation of samples. A neutron, in motion as a certain
distance from the nucleus, may deviate from its original path under the action of attractive forces
and then continue moving in this altered direction. This type of neutron interaction is called
potential scattering. If the neutron approaches sufficiently close to the nucleus, it can be caught
due to the action of nuclear forces, penetrating the nucleus and forming a compound nucleus.

The compound nucleus can decay to a state of lower energy by the emission of one or more

particles, for example a proton, alpha particle, triton, two neutrons, protons and neutrons, etc.
Designation of these reactions are as follows: (n,p) (n,a) (n,t) (n,2n) (n,pn) (n,3n)...
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A.1.6.1 Thermal neutron reactions
The most commonly used reaction is the (n, y) reaction, in which the excited nucleus passes to a

lower energy state by emission of a gamma ray. This reaction takes place with almost all
isotopes and has no threshold. In general, the (n, ¥) cross section is higher for thermal neutrons
than for fast neutrons. The reactions of this type (n, ) are called radiative captures. This type of
reaction is advantageous, especially in the determination of trace amounts of an element. This
reaction type is only excluded in the case of several light elements (Z<8). Typical cross sections
for (n, ) reaction are about of 0.1-100 barns, whereas the majority of applicable reactions of the

(n,p) or (n,0) type have activation cross sections on the order of 1-100 millibarns.

A.1.6.2 Fast neutron reactions

Other neutron interactions are (n, o), (n,p) and (n,2n) reactions. Except for a few exothermic (n,
o) reactions, the others have a threshold; therefore, they can be induced by fast neutrons only.
The activation with fast neutrons usually involves the analysis of light elements which either do
not form radioactive nuclides after reaction with thermal neutrons or, if they do, cannot be
analyzed with sufficient sensitivity.

A.1.7 Neutron Velocity

One can roughly separate neutrons into 2 classes: fast neutrons, which have energy higher than
0.5 MeV and slow neutrons, which have less energy. A more precise classification of neutrons is
as follows: Thermal (energy of about 0.025 eV), epithermal (energy of about 0.2 eV), cadmium
(0.4 eV), epicadmium (0.6 eV), slow (1-10 eV), resonance (1-300 eV), medium (500 eV-
0.5 MeV), fast (energy above 0.5 MeV) and ultra-fast (above 20 MeV).

A.1.8 Sources of Neutrons

Being uncharged particles, neutrons can not be accelerated. However they can be moderated.
Neutron sources include reactors, accelerators and isotopic sources. Nuclear reactors are by far
the most frequently used irradiation facilities. They provide high flux (an upper limit of about
10'® neutrons/cm?es, primarily thermal neutrons). Fast neutrons in the keV range are also

available, but at lower flux levels.

Accelerators produce fast neutrons as a product of the charged-particle (d,t) reaction. The
maximum flux provided by a neutron generator is on the order of 10'2 neutrons/cm?es.
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Neutrons with an average energy of about 2.5 MeV are produced by the (d,d) reaction. This
reaction offers a neutron flux on the order of 10° neutrons/cm?es. It is important to note that both

the (d,d) and (d,t) reactions produce essentially monoenergetic neutrons.

Isotopic neutron sources are based on (0,n) and (Y,n) reaction and on spontaneous fission (*32Cf).

All produce fast neutrons.

A.1.9 Disadvantages

¢ Change in neutron flux during passage through the sample: If the mass of the sample is too
great or if it contains certain elements, changes in the flux can occur. These changes may
occur in the total neutron flux or in the energy spectrum of the penetrating neutrons or in
both.

e The most important factor causing changes is the absorption of neutrons inside the sample
(self-absorption). This factor increases with increased sample mass and with an increase in
the number of elements present which have a high absorption cross-section.

e Scattering is another factor to be considered, though it typically produces a small
uncertainty. (N eutrons may deviate from their original direction because of a collision with
atoms in the sample and thus the number of neutrons reaching the internal layers is
decreased).

e Another source of uncertainty in activation analysis is the possibility of a reaction that
produces the same isotope as the one being counted through the bombardment of a
different isotope in the sample.

A.1.10 Detector Used

To detect the gamma rays produced in NAA a high-purity germanium (HPGe) detector is used,
due to its excellent energy resolution some 15 times better than that of a Nal(T1) scintillator
detector.

A.1.11 Use of X-Ray Emitters in Activation Analysis:

A number of authors have investigated the application of X-ray and low energy photon
spectrometry (10-200 keV) in activation analysis. The use of X-ray spectrometry has been
widely used as an analytical technique where gamma ray spectrometry fails to give satisfactory
results. The possibility of using X-ray spectrometry in the activation analysis is based on the
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property of a number of nuclides to decay after neutron capture by the emission of characteristic
X-rays. The latter are due to the different nuclear process and as such may be divided into three
groups:

e those due to internal conversion, X-rays of the parent element (Z)

e those due to electron capture, X-rays of the element (Z-1)

» those due to the beta decay followed by internal conversion, X-rays of the element (Z+1)

The X-rays from all three groups decay according to the half-life of the parent element (Z).

The technique of X-ray spectrometry is attractive since it presents several advantages which are a
result of basic properties of X-rays. For example, the precise measurement of the energy of the
emitted X-ray permits the unambiguous identification of the element due to the direct correlation
between an element and its characteristic X-rays. Furthermore, the limited number of peaks in
the X-ray spectrum of each element permits the analysis of many elements in a single spectrum.
Finally, the reduced sensitivity of the Si(Li) and planar Ge photon detectors used for the
measurement of X-rays, eliminates the interference of Compton scattered high energy gamma
rays. As a result, the background is considerably lowered and the peak-to-background ration
much increased.

Habib and Minski introduced the concept of “advantage factor’ (AF) (i.e., the ratio of X-ray to
gamma ray sensitivity for a particular isotope). The use of X-ray spectrometry is recommended

in those cases where AF is significantly greater than unity.

A.1.12 Interference with the Measurement of X-Rays

Possible interferences with the measurement of X-rays obtained following neutron activation
may be due to the discrete x-rays and low energy gamma rays, secondary X rays, and beta
particles.

A.1.12.1 Discrete X-rays

Due to the direct relationship between the atomic number of an element and the energy of its
characteristic X-rays, the interference with the measurement of these X-rays will result chiefly
from X-rays emitted by neighboring elements in the Periodic Table. Another possible source of
interference is the L X-rays emitted by elements with high atomic numbers that have the same
energy as the K X-rays of an element with a lower atomic number, or vice versa.
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The possibility of distinguishing two elements with close X-ray energies in the same spectrum
will depend on the resolution of the detector. In other words for two neighboring elements in the
Periodic Table, the difference between the energy of the K, X-rays of one element and that of K,
X-rays of its immediate predecessor should be greater than the resolution of the detector in order
to distinguish the two.

A.1.12.2 Secondary fluorescent X-rays

Strong beta or gamma rays from the radioactive sample may interact with major elements present
in the sample or materials in the vicinity of the detector and induce fluorescent X-rays.
Generally the intensity of the X-rays and gamma rays obtained by NAA are too low to produce
fluorescent X-rays in sufficient yield to interfere with the measurement. The possibility of
secondary fluorescent X-rays must be taken into account only when very long irradiations are
carried out or if one of the main components of the matrix is known to produce especially strong
gamma or beta radiation following neutron activation.

A.1.12.3 Beta Particles
The beta particles emitted from an irradiated sample are another serious source of interference in

X-ray spectrometry. These beta particles may produce a high background which completely
obscures the X-ray peaks obtained from trace amounts of low and medium Z elements making
their quantitative determination practically impossible. The interference of beta particles may be
overcome by use of plastic absorbers or by the deflection of beta particles by magnetic fields (the
intensity of the magnetic field depends on the beta energy and the source to detector distance).

The measurement of X-rays produces very satisfactory results for U (L X-rays) and Ba, Sm, Tb
and Ta), with a flux of 1.5x10'® n/cm?es and with a HPGe detector.

A.1.13 Case of Uranium

Sensitivity:

The sensitivity of neutron activation analysis in determination of Uranium by the (n,y) reaction
with a thermal neutron flux of 10> n/cm?es for a maximum irradiation time of one hour is about
101 gram. Activated 2*2U is a short-lived nuclide (**°U half life: 23.54 minutes) and emits low
energy gamma-rays (74.6 keV) and beta particles.

Detection Limit: 0.1-1 ppm

AF of 28U = 1.4 (not enough to use X-rays, because of the interference applicable for X-rays)
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A.2 PROTON INDUCED X-RAY EMISSION (PIXE)

Proton Beam (1-3Mev) X-Ray detector

Si(Li)

Protons induced X-Ray

~Z | Thin layer

Figure A-1 Schematic diagram of PIXE technique

PIXE analysis can be used to:
o Identify the atomic species in the target from the energies of the characteristic peaks in the
X-ray emission spectrum.
e Determine the amount of a particular element present in the target from the intensity of its
characteristic emission spectrum. (This normally requires a knowledge of ionization cross-
sections, fluorescence yields and absorption coefficient.)

A.2.1 Method

When an energetic (MeV) proton impinges on a target atom there is a high probability, typically
of the order of hundreds of barns (1 barn = 102 ¢cm?), that an inner-shell will be excited and
removed from a target atom. The excited target atom seeks to regain a stable energy state by
reverting to its original electron configuration. In so doing, the electronic transition which takes
place may be accompanied by electromagnetic radiation in the form of X-rays, characteristic of
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the excited atom. The emission consists of K, L, M, ... lines produced by electron transitions to
the K, L, M shells of the target atom. The elements present can be identified by the
corresponding characteristic X-ray energy (peaks recorded in spectrum).

Elemental quantitative analysis by PIXE based on the assumption that there is an unambiguous
relationship between the number of characteristic X-rays of a particular element observed and
the amount of this element present in the target sample. PIXE is done mainly in laboratories
which have access to proton accelerator (usually Van de Graaf or Cyclotron). The typical
geometry used in PIXE analysis is shown in Figure A-1.

The energy dispersive Si(Li) detectors have high count rate ability and a resolution high enough
to distinguish between the X-rays of adjacent elements.

A.2.2 Characteristics

PIXE is essentially a near-surface method. The best results are obtained by PIXE when thin
samples are used, thickness less than about 1 mg/cm? (or approximately 10 mm). However,
thick samples can be investigated by the analyses are invariably more complicated and the
resulting sensitivity is poorer than with a thin target. Higher proton energies must be used in
order to increase the penetration depth of particle.

It is difficult to obtain a good spatial resolution with PIXE. However, PIXE can be combined
with other techniques to get a depth profiling. (Example: Rutherford Backscattering).

Protons provide better sensitivity over the whole Periodic Table than heavier projectiles of the
same energy per nucleon.

A.2.3 Advantages

In contrast with a number of other chemical and physical spectrometric techniques,
e high sensitivity for all elements, except the lightest ones (X<10),
e capable of multi-elemental analysis,
e practically all elements can be covered in a single experimental run
e need very short experimental time (typically between S and 20 minutes per sample
¢ good concentration sensitivity
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o the basic advantage of characteristic X-ray analysis arises from the relative simplicity of

the characteristic X-ray emission spectra
o the intrinsic capability for analysis without destructively interfering with the specimen

e requires only very small samples
¢ background effects are in almost all cases lower than those fort comparable X-ray

techniques using electrons, photons
» cheaper in comparison with Neutron activation analysis per sample analyzed.

A.2.4 Disadvantages

¢ inability to determine lightest elements (but coupled with PIGE, can cover the whole
Periodic Table)

o difficult to provide depth information

e decreased sensitivity of the elements are too concentrated

o decreased sensitivity if the elements are too heavy (interferences between peaks)

A.2.5 Detection Limits and Sensitivity

PIXE is a method of high sensitivity. The average detection limits for trace elements are
typically as low as 0.1-1 ppm, as shown in Figure A-2.

Concentration
g/9 A
L L
K K 1 MeV 3 MeV
3MeV
1MeV
10-6 _
1 0-7 1 ] 1 I ) ] 1 | ’
20 40 60 80 Z

Figure A-2 Theoretical minimum detectable concentration calculated for all elements.
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For high Z elements (beyond an atomic number of about 40), good elemental separation is
provided by PIXE using the L X-ray lines rather than the K X-rays and K X-rays.

Optimum beam energy:
e The proton energy should be chosen according to the elemental region of interest. The

lowest detection limit obtainable for a given range of elements depends on the energy of

the proton.
e For heavy elements, we can increase the proton beam energy, however with a high

concentration of several heavy elements in a sample, there is often interference between
peaks, causing the sensitivity to deteriorate. One solution to this problem is to increase the
beam energy so the cross-section for K X-ray production increases thus making it possible
to also use the K X-ray peaks for analysis of the heavy elements

The sensitivity can be improved by increasing the count time.

A.2.6 Proton Elastic Scattering Analysis (PESA)

Due to the degree of attenuation of softer X-rays by matter, X-ray analysis of the lightest
elements is made difficult to impossible for practical sample loading. Proton elastic scattering
analysis proves to be a useful compliment to PIXE since it has almost identical sample
requirements and is also nondestructive. With modern commercially available solid state proton
detectors and 16 MeV incident protons it is possible to resolve the light elements up through
chlorine.

Two other advantages to the use of 16 MeV protons are their smaller specific energy loss
(allowing the use of thicker samples) and relative freedom from resonant behavior of the
excitation function.

One negative side, the nuclear scattering cross sections are approximately 1000 times smaller
than the atomic cross sections for PIXE. The effect of this lower efficiency is greatly
counterbalanced by the lower backgrounds for PESA spectra.

A.2.7 Conclusion

These methods are fast, have a broad-range, are absolute, are subject to automation and are well-
suited for samples having areas of a few square millimeters and thicknesses of 1 mg/cm?.
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Samples of uniform density are most convenient; however, non-uniform samples may be
analyzed by using a uniform proton beam.

A.3 ATOMIC ABSORPTION SPECTROMETRY

Techniques commonly referred to as atomic spectrometry usually include atomic emission,
atomic absorption, and atomic fluorescence spectroscopy. These involve valence electron

transitions yielding radiation with wavelengths in the ultraviolet-visible region of the spectrum.

A.3.1 Atomic Spectra

An electron of an atom at its lowest energy state, the ground state, can absorb a quantum of
energy (+AE) and undergo transition to a low-lying excited state. Emission occurs when this
quantum of energy is released (—AE) and the electron returns to the ground state (Figure A-3). A
transition to and from the ground state is called a resonance transition. Resonance lines are the
most useful analytical lines for atomic absorption spectrometry.

Excited state

-AE

+ AE ..
Emission

Absorption

Ground state

Figure A-3 Relationship between emission and absorption of energy by a valence electron
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A.3.2 Basic Concept

When a parallel beam of continuous radiation of intensity J, passes through a cell containing
atomic species of an element., the transmitted radiation 7 will show a frequency distribution as
given in Figure A4. The atomic species is said to possess an absorption line at frequency vy,
where vy is the frequency at the center of the line.

i
vo

Frequency v

Intensity of transmitted light

Figure A—4 Intensity attenuation at characteristic frequency

A.3.3 Experimental Method

Since atoms are only able to absorb radiation within a very narrow frequency interval, certain
demands must be placed upon the radiation source. Although continuum radiation sources afford
a high total illumination intensity, the illumination intensity in the interval of interest of about
0.5 ppm to 5 ppm is nevertheless too weak. For this reason, one recommends that the radiation
source used for absorption measurements should emit the spectrum of the element to be
quantified. With such an arrangement the required resonance line merely has to be separated
from the spectral lines of the same element by means of a monochromator.

The spectrum of the element (usually a single element) under study is emitted from a hollow
cathode lamp. This beam, consisting largely of resonance radiation, is electronically or
mechanically pulsed. Analyte atoms are produced thermally in the atom reservoir. Ground state
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7
o

Figure A-5 Atomic absorption spectrometry equipment diagram

atoms, which predominate under the experimental conditions, absorb a portion of resonance
radiation from the lamp corresponding to the concentration of this element, reducing the intensity
of the incident beam. Lines that do not occur in absorption are not attenuated. After dispersion
of the radiation in a monochromator, the resonance line is separated by the exits lit and all other
lines are masked. The detector ‘sees’ only the resonance line, whose attenuation is then
displayed.

A.3.4 Instrumentation

The general construction of an atomic absorption spectrometer is simple. The most important
components are:
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o A radiation source, which emits the spectrum of the analyte element. Hollow-cathode
atomic spectral lamps are the most common radiation sources for atomic absorption
spectroscopy. These lamps can produce resonance radiation of narrow linewidth, typically

<10 A, for most elements that can be quantified by atomic absorption.
e An atomizer, in which the atoms of the sample to be analyzed are formed. It produces free

ground-state atoms of the element of interest. A variety of commercial atomizers are

available for use with AA equipment, the most common being flames and furnaces.

e A monochromator for the spectral dispersion of the radiation with an exit slit for selection
of the resonance line. Because of the simplicity of the spectrum emitted by most radiation
line sources, the monochromator in atomic absorption spectroscopy need not be of high
resolution required for emission work. '

¢ A detector permitting measurement of radiation intensity, followed by an amplifier and a

readout device to record the intensity.

A.3.5 Advantages

e Simple spectra

A.3.6 Disadvantages

¢ Destructive method
¢ No depth information (only total amount)
¢ Better with just one element

A.3.7 Case of Uranium

Uranium can be determined in a nitrous oxide/acetylene flame at the 351.5 nm resonance line
with a characteristic concentration of 50 mg/L and a detection limit of about 30 mg/L. The
resonance lines at 358.5 nm and 356.7 nm exhibit better sensitivity, but a less favorable signal to
noise ratio.

A.3.8 Interferences
A.3.8.1 Atomic Spectral Interferences

This type of problem occurs when the radiation being measured is attenuated by substances other
than the atoms of interest. Atomic spectral interference occurs when the absorption profile of
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another element overlaps that of the analyte within the spectral linewidth of the atomic emission
line of the source. Because of the narrow width of atomic emission lines, atomic spectral
interference causes very few problems.

A.3.8.2 Nonspecific Interferences

Nonspecific interference occurs due to molecular absorption or light scattering in the atomizer.
These effects, seldom encountered in flames except in work near the detection limit, are very
serious problems in most work with electrothermal atomizers.

A.3.8.3 Chemical Interferences

Chemical interference occurs when the analyte is contained in a chemical compound that is not
broken down by the flame or furnace. This results in a lower concentration of ‘free’ analyte
atoms than would occur in the absence of the interference. Atomic absorption can only occur by
free atoms. |

In work with flames, chemical interferences can be minimized either by using a higher
temperature flame and/or through addition of a releasing agent.

A.3.8.4 Ionization Interferences

In atomic absorption, the flame should ideally be an absorption cell in which the sample is
atomized and only atoms at the ground state are produced. Although the number of excited
atoms at normal flame temperatures is always considerable lower than the number of atoms in
the ground state, many practical examples are known in which the emission of the flame
interferes with absorption measurements in this type of instrument. To eliminate this
interference due to flame emission, virtually all atomic absorption spectrometers currently
operate with a chopped or pulsed radiation system instead of a direct current. the radiation beam
is modulated either electrically or mechanically at a fixed frequency and the amplifier electronics
are tuned to the same frequency. In this system, only the radiation from the primary source
having the modulation frequency is amplified, while the emission from the flame, which is not
modulated is neglected. Accordingly, spectral interferences caused by emission of sample atoms
in the flame are practically negligible in such a system. Elements that commonly present a
problem are cesium, rubidium, potassium and sodium.
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A.4 X-RAY FLUORESCENCE (XRF)

X-ray fluorescence is an application of X-ray emission spectrometry using X-ray and gamma-ray
sources for excitation. X-ray fluorescence is described as an incident beam of photons which
impinging on specimens and resulting in the fluorescence emission of X-rays characteristic of

the elements present.

A.4.1 History of this Method

The excitation of characteristic X-rays using a radioisotope source was first reported in 1966. By
that time, several measurement techniques had been developed and analysis was proven feasible.
Also a range of sealed, radioisotope, low-energy X-ray and gamma ray sources and a few
instruments, were commercially available. These techniques are based on detection and low
resolution energy selection of characteristic X-rays using ordinary scintillation or proportional
counters, and the use of filters for discriminating between X-rays from adjacent elements. An
event of more general significance is the recent availability of lithium-drifted silicon and high-
purity detectors (Si(Li) and HPGe detectors), whose energy resolution is good enough to resolve
K X-rays from the adjacent elements down to sodium.

A.4.2 X-rays Fluorescence System Basic Concepts

Primary radiation is incident on the sample where it interacts to produce vacancies in the inner
atomic shells, which then de-excite to produce the characteristic X-rays of interest which are
then defined by a collimator or silt arrangement and are absorbed by an appropriate detector.
These X-rays from the sample are then detected, and their energies are measured by detector
spectrometer. The detector spectrometer converts the energy of the incident X-ray into a voltage
pulse whose amplitude is proportional to that energy. A multichannel analyzer is used to
accumulate a histogram of the pulse amplitude spectrum. The energy resolution of the detector
is more than adequate to separate X-ray lines from elements of adjacent atomic number. The
area under the individual characteristic X-ray peaks in the spectrum is proportional to the
concentration of the various elements in the sample.

A radioisotope X-ray fluorescence analyzer consists of the following basic components:
e a sealed radioisotope excitation source
¢ a detection system which selects the energy of characteristic X-ray excited and measures

their intensity
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Figure A—6 Schematic of the X-ray fluorescence technique

e an electronic amplification and a read out system whose output can be correlated with the

elements present in the specimen and their concentration.
X-ray photons incident on the sample interact either by the photoelectric effect to produce the
desired inner shell atomic vacancies in the elements of interest or by scattering mainly from the
atoms in the low atomic number substrate. These scattered X-rays constitute an unwanted
background that determines the detection limit for the fluorescence measurement.

A.4.3 Sources

Alpha, beta, gamma and X-ray emitting isotopes have all been used as sources to excite
characteristic X-rays.
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The most widely used excitation method is by primary or secondary gamma or X-ray sources,
preferably those that emit one or a few spectral lines rather than a high proportion of continuous
radiation. But characteristic X-rays can be excited by radiation; from an X -ray tube or a
radioactive source. Each method has its own problems and advantages.

The major advantage of the preferred sources is that they excite characteristic X-rays efficiently
with minimum background in the energy region of interest. It is preferred to use monoenergetic
X-ray excitation sources (especially source-target assemblies) rather than broadband excitation,
which distribute the scattered radiation over the entire range of energies. The main advantages
of radioisotope sources are that they are small and are independent of any external power. The
most important limitation of radioisotopes as excitation sources for XRF is their low intensity of
primary radiation (10 to 10”7 less than conventional X-ray tubes). The probability of producing
fluorescent excitation of an element is greatest when the incident X-ray energy just exceeds the
binding energy of the electrons in the appropriate shells. This probability falls off rapidly with
increasing excitation energy. This implies that very low energy characteristic X-rays are not
efficiently produced by monochromatic radiation of high energy, thus limiting the range of
elements that can be sensitively measured with a single exciting energy. In some case, such as
the analysis for very light elements (Z<20), the use of continuum excitation may give better
sensitivity than monochromatic excitation. An X-ray tube is typically chosen as the primary
excitation source because of its higher output compared to generally available radioisotope
sources. X-ray tubes offer the advantages of being large, high speed, and having stable power
supply, but are also costly and less compact.

Bremsstrahlung emitters are secondary sources excited by beta particles. Bremsstrahlung spectra
are continuous and have similar shapes to spectra emitted by X-ray tubes. Their main
disadvantage is the continuous scattered background which accompanies excitation of
characteristic X-rays.

Direct excitation by beta particles has two major disadvantages; excitation of Bremsstrahlung
background in the specimen and backscatter of a large proportion of the incident beta particles.

Excitation by alpha emitters becomes efficient below about 2 keV and complements X-ray and

gamma-ray excitation.

The criteria of a good source are:
e a simple line spectrum at an appropriate energy below 150 keV
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o no high energy beta or gamma radiation

o half year of at least one year

e specific activity high enough to yield a source emission of 107 to 10® photons/s from 1 cm?
surface.

The resolving energy required of the energy selection apparatus varies from virtually none for
certain very simple measurements to several hundred when complex groups of K and L X-rays
have to be resolved.

A.4.4 Conditions

It is assumed that the specimen is homogeneous, flat and infinitely thick with respect to the X-
ray fluorescence emission. But XRF has found wide application in the analysis of thin films.
Depending on the nature of the specimen being irradiated by a beam of X-rays. (i.e., pure
element, binary or multi-element system), the emitted characteristic radiation may be the
resultant of more than one process:

A.4.4.1 Primary Fluorescence
Some K level electrons are ejected directly after interaction, with the incident beam photons.

A.4.4.2 Secondary Fluorescence

Some K level electrons are ejected indirectly; some incident beam photons eject K level
electrons, leading to the emission of photons, which in turn have enough energy to eject target
level electron. This process is called the process of enhancement.

A.4.4.3 Tertiary Fluorescence
The realization that an element enhancing another may already be enhanced by a third element
results in an additional component of fluorescent emission.

In multi-element specimens, some emitted X-ray lines are likely to be the resultant of
enhancement by more than one element. In the absence of enhancement effects, the emitted
intensity of a function of:

o the intensity emitted by the pure element

o the concentration of the element in the specimen

o the total mass absorption coefficient
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A.4.5 Advantages

e Requires very small samples

o Non destructive analysis

e Simple method

e Better relative sensitivity for heavier elements than NAA

e Low costs (lower than PIXE and NAA, but more expensive than ICP-AES)
e Greater depth of analysis

A.4.6 Disadvantages

e Poor results with highest elements (covers elemental analysis from Aluminum to Uranium) -

e Mostly used on solid samples

¢ Requires homogeneous solid sample (it is better to analyze heterogeneous solid samples,
after dissolution, by ICP-AES)

e Can be slow, particularly for trace determination, because it needs longer counting time.

A.5 ULTRAVIOLET LIGHT AND RADIOGRAPHY METHODS

An inspection of the remaining transite surface by observing the ultra-violet light emitted by
activated uranyl ion phosphorescence may be used as an indicator of local contamination.
Samples of transite containing uranium and thorium isotopes were viewed under short-wave
length (254 nm) ultraviolet light to determine:

e whether the specimens contain fluorescent species on the surface,

o whether the appearance under UV changes with depth by removing sample layers.

One control specimen with no uranium or thorium content showed no fluorescence. Samples
containing radioactive contamination emit bright yellow-green fluorescence from a number of
discrete, specific sources. This method is mainly qualitative, but when coupled with imaging
software can be quantitative.

A.5.1 Basic Concepts

The term ‘fluorescence’ as commonly used refers to the emission of light (usually in the visible
range) from a material in response to the absorption of incident energy, which is commonly
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ultraviolet light. The emission of light is caused by energy released when the electrons in the
excited material return to their ground state (true fluorescence), or when the spins of excited
electrons return to ground state (fluorescence). The term ‘luminescence’ properly includes both
phenomena, and whether a particular atom or molecule will absorb and re-emit radiant energy
depends on its unique atomic structure. As cataloged by several authors, many uranium and
thorium compounds emit radiant energy in the visible range upon absorbing ultraviolet light.
While there is evidence to suggest that it is actually phosphorescence rather than fluorescence,
the latter term is in common use when describing uranium and thorium behavior.

Not all species fluoresce under UV excitation nor do all uranium and thorium compounds
fluoresce. Uranium and thorium are key constituents of radioactive waste and many compounds
of these elements fluoresce under ultraviolet light. (Frondel lists 82 fluorescent uranium and
thorium compounds.) One of the most common of such fluorescent species, the most colorful
and well-documented fluorescent species, which is known to fluoresce an intense yellow-green
under short-wave length (254 nm), is the uranyl ion (UO,+?) under UV light. The uranyl ion is
present in all fluorescing uranium compounds. While the uranyl ion will fluoresce weakly under
ordinary or long wave length ultraviolet light (365 nm wavelength), the yellow-green fluorescent
emission is far more intense under short-wave length UV incident radiation (254 nm).

This fluorescence may be useful in identifying fluorescent species in radioactive wastes. This
can be useful since uranium and thorium compounds are not necessarily distinguishable by

visual inspection of a mixed waste.

A.5.2 Experiment Procedure

The procedures very simple. The sample of transite is viewed under the short wave length (254
nm) ultraviolet light. The specimen containing uranium or thorium emits bright yellow-green
fluorescence from a number of discrete, specific points. These point sources are on the order of
1 to 5 mm in diameter and are non-uniformly distributed. Fluorescence is readily observed
against the dark non-fluorescent background or other non-fluorescent background or other non-
fluorescent materials present, and specimens with higher measured radioactivity show a larger
number of fluorescent point sources. One can also use a camera and filter and take photos useful
for later study.
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This method is a near surface method, but one can use it to determine the depth profiling of
uranium in the samples by removing successive layers of sample between two ultraviolet light
exposures.

A.5.3 Advantages

e simple method both in execution and in interpretation,
e fast method.

A.5.4 Disadvantages

e gives relative intensities,

e low sensitivity,

e surface method,

e no quantitative determination.

A.5.5 Coupling

A.5.5.1 Imaging Software
This method is just a qualitative method, but it may be possible, by coupling with imaging

software to scan the photo into a computer, digitize the picture, and analyze the image. This can
produce a correspondence between the colors and the intensities obtained with the UV method,
and quantify, the concentration of uranium contained in the samples.

A.5.6 Radiograph

Radiographs can be used to confirm the presence of radioactivity in the sample. The radiograph
is sensitive to the short range radiation (0. and P particles).

A.5.6.1 Experimental procedure

The samples have to be manipulated under a safety light. One puts the sample’s side that one is
studying against the film in a dark place. After a time, one develops the film. The film appears
marked where it received beta and alpha particles emitted by the uranium atoms and their
daughters present in the sample. In this way, one can directly deduce the position of the uranium
atoms present on the sample’s surface.
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A.5.6.2 Advantages/disadvantages:

The radiograph’s sensitivity is not higher than that of the UV method. In fact, the sensitivity of
this method depends on the time of irradiation of the film. Then for a sample containing a few
atoms that emit radioactive particles, one will need a long exposure time, on the order of hours or
days, for the film to be sufficiently irradiated. This method can be lengthy, especially for
samples with low activity. For example, the lowest sensitivity for an exposure of 48 h is around
500 counts per minute (cpm) over a 3”’x3” area.

The sensitivity for an exposure of 24 h is twice that (around 1000 cpm).

A.6 BACKSCATTERING SPECTROMETRY

In 1967, the purpose of the alpha-scattering experiment was to analyze the composition of the

nuclear soil.
A.6.1 Basis

Both in its concept and in its elementary execution, Rutherford scattering is a simple experiment.
A beam of monoenergetic and collimated alpha particles impinges perpendicularly on a target.
When the sample that constitutes the target is thin, almost all of the incident particles reappear at
the far side of the target with some slightly reduced energy and only slightly altered direction.
The few alpha particles that are lost undergo large changes in energy and direction, changes due
to close encounters of the incident particles scattered backward by angles of more than 90° from
the incident direction can be detected. This is the situation that is used in the analytical
technique called Backscattering spectrometry.

A.6.1.1 Generality

Charged particles are generated in an ion source. Their energy is than raised to several MeV by
an accelerator. The high-energy beam than passes through a series of devices which collimate or
focus the beam and filter it for a selected type of particle and energy. The beam then enters the
scattering chamber and impinges on the sample to be analyzed. Some of the backscattered
particles impinge on the defector, where they generate an electrical signal. This signal is
amplified and processed with fast analog and digital electronics. The final stage of the data
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Figure A-7 Backscattering spectrometry geometry

T3

acquisition usually is to store the signals in the form of a spectrum, hence the name
backscattering spectrometry.

A.6.1.2 Specifications and properties
e The BS system has only 3 elements: the beam, the detector and the vacuum pump. The

requirements of the vacuum are quite modest by today’s standard: 107 Torr expedient and
10" Torr is quite adequate.

e The source generates a beam of collimated and monoenergetic particles of energy Ey. The

projectile energy E, must be much larger than the binding energy of the atoms in the target.
Chemical bonds are of the order of 10 eV, so that E should be very much larger than that .
Chemical bonds and binding energy are not the same. The angular effect of the elastic
backscattering factor decreases as the scattering angle increases, up to 180°, so that large

scattering angles are usually preferable, i.e. 6>160°. To maximize count rate, the detector

can be located close to the sample. A distance of 10—15 cm between the detector and the
target has been found quite sufficient for a 25 mm? detector.

A typical case is a monoenergetic 10. MeV H+ ion beam with a current of 10 to 100 nA of
in a 1 mn? area, with scattering through 8=170°. These particles impinge on the sample

A-25
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which is the object to be analyzed. Almost all of the incident particles are absorbed within
the sample. A few (much less than one in 10*) are scattered back out of the sample. Of
these, a small fraction are incident on the area defined by the aperture of an analyzing

system.

The scattered particles are analyzed with a solid-state detector located about 10 cm from
the target and with a solid angle between 3 and 4 mSr. The detector resolution is between
15 and 20 keV, and the multichannel analyzer is set up with a channel width E between 3
and S keV.

e The collision then must be an elastic one. The phenomenon is similar to the collisions of
two hard spheres and can be solved exactly. Nuclear reactions and resonances must be
absent. With a H+ beam, nuclear effects can appear even below 1 MeV; with He+, they
begin to appear at 2 to 3 MeV. Several elements have just one stable isotope (for example
Au), whereas several others have more than one stable isotope. Sometimes the different
signals from the different isotopes cannot be distinguished because the energy resolution of

the detection system is too coarse.

e Scratches, cavities, dust particles and any other surface non-uniformities can drastically
modify the spectrum, if present in sufficient amounts (even if they are of a sub-micron
size). The lateral uniformity of a sample must therefore be assured on the surface as well
as in depth.

A.6.2 Accelerator

Many commercially available accelerators can be used for backscattering spectrometry. The
most widely used available electrostatic accelerator is the Van de Graaf generator.

A.6.3 Advantages

Compared to other methods-for example, neutron activation analysis or secondary ion mass
spectroscopy - backscattering spectrometry is not very sensitive. However backscattering
spectrometry is capable of quantitative measurements without recourse to standards.

One of the advantages of this method is that the spectrum can be interpreted rather easily.
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The increase in sensitivity for heavy elements is an asset for the detection of these elements, but
a severe limitation for the detection of light elements.

Two elements of similar mass cannot be distinguished when they appear together in a sample.
One of the main applications of backscattering spectrometry is the analysis of thin films and

layered structures. With spectra analysis of thick samples, only the surface is clearly
recognizable as the high-energy edges of the signals in the spectrum.

A.6.4 Four Basic Physical Concepts Enter into Backscattering Spectrometry

¢ Energy transfer from a projectile to a target nucleus in an elastic two-body collision. This
process leads to the concept of the kinematic factor and the capability of mass perception.

e Likelihood of occurrence of such a two-body collision. This leads to the concept of
scatteriné cross section and to the capability of quantitative analysis of atomic composition.

e Average energy loss of an atom moving through a dense medium. This process leads to the
concept of stopping cross section and to the capability of depth perception..

e Statistical fluctuation in the energy loss of an atom moving through a dense medium. This
process leads to the concept of energy straggling and to a limitation in the ultimate mass
and depth resolution of backscattering spectrometry.

A.7 INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION
SPECTROMETRY (ICP - AES)

The development of inductively coupled Plasma (ICP) technology began in 1942. The plasma
possesses three important characteristics which can be exploited and used as vaporization cells
and free atom reservoirs for analytical atomic emission spectrometry (AES):

¢ high gas temperature

e capability of being sustained in a noble environment

e freedom from contamination
These characteristics have been used and now the Inductively Coupled Plasma - Atomic
Emission Spectrometry (ICP-AES) has become one of the most advanced techniques for
elemental analysis. ICP-AES is an elemental analysis technique suing spectra emitted by free
atoms or ions generated within a source such as an ICP.
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A.7.1 Basic Concept

The ICP-AES is a conventional spectroscopy technique; its unique properties derive from the
particular excitation source, the ICP.

The method is based on AES coupled with an ICP source. The ICP source produces a stream of
high energy ionized gas known as a plasma by inductively coupling an inert gas (most
commonly argon) with a high-frequency field. The resulting plasma has an internal temperature
up to 10,000 K which dissolves, dissociates, atomizes, and excites the elements present when a
sample is injected through its center. This results in the emission of light of unique frequencies
from the constituent element(s). The light emitted from the plasma is proportional to the
concentration of the elements in the sample. The light is transferred to an emission spectrometer
which has the capability of separating the unique frequencies into discrete wavelengths (each
wavelength or frequency being associated with an element in the sample). The intensity of light
is measured at a wavelength which is unique to that element. The fundamental assumption in
quantitative analysis is that the intensity of a line emitted within an excitation source is directly
proportional to the concentration of the atoms of the emitter which are present in the discharge.
The electronics of the spectrometer calculate the correlation and quantify the results. The
presence of a background or residual impurity in standards causes deviation from linearity.

A.7.2 Basic Elements of the ICP-AES

The basic elements of an ICP-AES instrument are source, optics, detector and processor.

A.7.2.1 Source
The source produces the emission spectra characteristic of the elements present in a sample.
Under ideal conditions the excitation source should:

e excite lines of all elements of interest

e provide constant excitation conditions over a period of time corresponding to the sample

excitation

e provide reproducible excitation conditions from sample to sample

e provide sufficient line intensity to achieve the required detection limit

e provide a low spectral background
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One source with these characteristics is the ICP. By definition, a plasma is simply a very hot gas
in which a significant fraction of the atoms or molecules are ionized. This ionized nature means
that a plasma reacts in a number of ways when subjected to electromagnetic influences. The hot
plasma ionized a portion of the incoming flow of non ionized gas so that the process is repeated
continuously. Most commonly, a sample is introduced into the ICP in the form of an aqueous
aerosol produced by pneumatic or ultrasonic nebulization. As aerosol droplets enter the aqueous
aerosol produced by pneumatic or ultrasonic nebulization. As aerosol droplets enter the base of
the plasma discharge and progress up through the aerosol channel, a variety of processes take
place. The aerosol droplets that are passed into the plasma by the spray chamber are dissolved to
yield a solid salt particle. The salt particles produced are subsequently vaporized to yield gas-
phase molecular species. Then molecular dissociation yields free atoms (atomization) that may,
given sufficient excitation energy, lose an electron to form free ions (ionization).

A.7.2.2 Optics

The spectrometer which optically collects light from the source (plasma) and separates the
spectral details of the elements present in a sample for measurement. The primary function of
the spectrometer is to isolate light from the various wavelength corresponding to emission lines
of the different analyte elements and to differentiate this light from the plasma background
emission. The better the resolution the less likely that adjacent lines will overlap.

A.7.2.3 Detector

A detector is generally a photomultiplier tube with associated electronics. The photomultiplier
tube has a current that is proportional to the intensity of the elements line. The intensity must be
averaged over the measuring time.

A.7.2.4 Processor
A computer system is used to calculate, calibrate, analyze and store the analytical data generated

during analysis.

A.7.3 Sample Preparation by Dissolution and Digestion Methods

All samples have to be in solution form for ICP-AES analysis. Traditionally, samples can be
divided into a solution or liquid state, inorganic solid, and solids containing a high proportion of
organic matter. The most common dissolution procedures for solid sample are:

e to heat the sample in a gas (thermal decomposition or pyrolysis)

e to treat the sample with liquids such as water, acids, organic solvents, etc.
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e to form a melt or a flux by fusion with a salt or salts (fusion with ammonium salts,

peroxides, borates, perchlorates, etc.).

The normally very long drawn-out process of dissolution can be accelerated by making the
sample into a fine particle size, adding a catalyst, or sing ultrasonic agitation. The sample is then
introduced, reduced to atomic vapor and quantified by the intensity of the light emitted by
excited atoms and ions.

A.7.4 Detection Limit

The detection limits (the lowest concentration of analyte which gives rise to a detectable signal)
are generally very low for most element failing within the range 1-100 pg/l. It is recommended
that an analyte should be present in the sample at a concentration approximately ten times that of
its detection limit before a reasonably precise determination can be made. To attain reasonable
accuracy, long integration period of 3 to 5 seconds and frequent recalibration are recommended.
A judicious choice of analyte wavelength allows the analyst to assure detection of the selected
analyte and minimize or avoid spectral interferences from the plasma background and the sample
matrix. For example, for uranium the best wavelength is 385.96 nm with a detection limit
around 100 pg/l and a standard concentration around 500 pg/l. The wavelength can also be used
with a detection limit around 200 pg/l and the same standard concentration.

A.7.5 Interferences

Not a single analytical technique can be claimed as free of interferences for quantitative analysis.
ICP-AES is no exception to this claim. Some of the common interferences which can affect an
analysis follows.

A.7.5.1 Chemical and Physical Interference

The ICP is relatively free from chemical interferences due to the high operating temperature of
the argon plasma, which is enough to cause dissociation of most chemical bonds and compounds
to the atomic state.

A.7.5.2 Ionization Interference
This interference arises from donation of electrons from concomitant species in the sample,
which alter the atom or ion concentration of the species being determined.
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A.7.5.3 Spectral or Background Interference

This interference is due. to light emission at the analyte wavelength by the excitation source or
some component of the sample (e.g., a spectral interference occurs when the spectrometer is set
to measure the emission of an element at a particular wavelength, and another element is also
present in the sample and has an emission line very close to the analyte wavelength).

Interference effects are generally small and easily manageable..

A.7.6 Advantages

e covers most of the periodic table elements (rare earth elements, refractory elements),

e all concentration levels,

e sensitivity (increase detection limits). Excellent detection for many light elements, but less
effective for heavy elements, such as lead or uranium,

e speed,

e accuracy and precision (around 1%),

e convenience unequaled by any other elemental analytical technique,

¢ no chemical interferences,

e minimum inter-element effects,

¢ simultaneous analysis of 20-40 elements,

¢ need a small volume of solution and consequently a small quantity of rock, mineral, etc.

A.7.7 Disadvantages

e no depth analysis,
e destructive method,
e it’s conventional form requires the analyte to be in solution.

A.8 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICP-MS)

ICP-MS is an alternative use of ICP, as a source of ions, for mass spectrometry. The original
concept of ICP-MS was developed from a requirement, expressed in 1970, for the next
generation of multi-element analytical instrument systems needed to follow the then rapidly
developing technique of ICP-AES. ICP-MS was introduced in commercial form in 1983.
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After a survey of available and emerging techniques, it was concluded that atomic mass
spectrometry was the only basic spectrometric technique that potentially had the wide element
coverage, element specificity and relatively uniform sensitivity across the periodic table essential
to provide a viable successor to powerful too that ICP-MS was promising to become.

A.8.1 Basic Concept

The bases are the same for ICP-AES, just the optics used are different. The classic spectrometer
is replaced by a mass spectrometer. The plasmas used at present for ICP-MS are essentially
those developed for AES, and do not necessarily represent the optimum choice for ion source

applications.

A.8.2 Detection Limits

The detection limit around 50 ng/l is obtained for many elements in solution in real samples and
around a mg/g in a solid. In extreme cases, the detection of an element at or even below these
levels may be achieved on examination of a spectrum, because of the ability of the eye to
recognize the shape of a very small peak in the presence of background. The detection limit for
uranium in a solid is around 0.02 mg/g (6 mg/g for XRF).

Although detection limits for AAS, ICP-AES and XRF have now reached a plateau, the detection
limits reported here for the ICP-MS may be improved in the future.

A.8.3 Advantages

e qualitative and quantitative method
o the instrumental background is extremely small, typically a few ions per second
e can count individual ions (very low concentration range, typically two orders of magnitude

lower than ICP-AES)
e extreme simplicity of the spectra obtained: spectra contain peaks mainly from singly

charged ions
o excellent detection over the complete Periodic Table, especially good for heavy elements

A.8.4 Disadvantages

e instrument tends to saturate at high ion currents ( restrict the range)
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¢ more expensive than ICP-AES
e slower operation than ICP-AES

A.8.5 Interferences

This technique suffers from the same interferences as the ICP-AES, because sample introduction

constraints are similar.
o interface effects: this term may be used to describe any perturbation in the detected ion

signal caused during the transmission of the sample from ICP tailflame into the first

vacuum stage of the mass spectrometer.
o matrix effects: these effects are more serious in ICP-MS than ICP-AES.

¢ doubly ionized species: elements with low second ionization energy can partly be doubly

ionized. This effect is less important in new systems.
e polyatomic ion interference: interferences may be produced in the sample itself.

These interferences are produced from different acids, some of which are used in dissolution

procedure for geological samples.
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Appendix B

INITIAL SURVEY DATA FOR ALL PANELS

Samples from interior of Plant 7

Sample A-1 Measurement Date: 10/21/94
A-1 A-l
B—y 100cpm B-y 90cpm B—y 90 cpm
o 10 cpm o 0 cpm a 0 cpm
B—y 110cpm B-y 110 cpm B~y 90 cpm
o 10 cpm a 10 cpm a 0 cpm
Side 1* —Painted Side 2 — Painted
Comments: Background Activity
B-y¥ 50 cpm
] 0 cpm
Sample A-2 Measurement Date: 10/21/94
A2 A2
B-y 70 cpm B—y 70cpm B~y 50 cpm
a 0 cpm a  10cpm a 5 cpm
B-Y 70 cpm B-y 60 cpm B-y 70 cpm
o 0 cpm o 0 cpm o 10 cpm
Side 1 - Painted Side 2 — Unpainted
Comments: Left part of Side 2 appears to have been wet at some point Background Activity
f-y 50 cpm
a 0 cpm

Figure B-1 Initial survey data for panels A-1 and A-2
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B-y 100 cpm

B-y 160 cpm

a 0 cpm

Samples from interior of Plant 7

Side 1 — Painted

Comments: Side 2 has large chip in upper left comner,

Sample A-3

Measurement Date: 10/21/94

7v73

B-y 100 cpm

By 120 cpm

Side 2 — Unpainted

Background Activity
B-¥ 50 cpm
a 0 cpm

Measurement Date: 10/21/94

B-y 130 cpm

o 0 cpm

B~y 130 cpm

Side 2 - Painted

Sample A-4
A4 A4
B—y 60cpm B-y 130 cpm
o 5 cpm a 0 cpm
B-y 70cpm B~y 70cpm
o 0 cpm o 0 cpm
Side 1 - Painted
Comments:

Figure B-2 Initial survey data for panels A-3 and A4

Background Activity
B—y 50 cpm
a 0 cpm
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B-Y 90cpm

B-y 110 cpm

a 0 cpm

Samples from interior of Plant 7

7T?3

Measurement Date: 10/21/94

Side 1 — Painted

B—y 80cpm B—y 100 cpm
a 0 cpm o 0 cpm
B-y 70cpm
o 0 cpm

Side 2 - Painted

Comments: Background Activity
B-y 50 cpm
a 0 cpm
Sample A-6 Measurement Date: 10/21/94
A6
B-y 270 cpm B-y 180 cpm
o 0 cpm o 5 cpm
B—y 140 cpm B—y 110 cpm
o 0 cpm o  10cpm

Side 1 — Painted

Comments: Looks to be a separate panel] that was bolted on all 4 comers and thus
was not cut specifically for this project nor should it be expected
to be similar to the others

Side 2 — Unpainted

Background Activity
B~y 50 cpm
a 0 cpm

Figure B-3 Initial survey data for panels A-5 and A—6

B-3
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Samples from exterior of building 7

Sample B-1 Measurement Date: 10/25/94
B-1
B-y 150 cpm B-y 550 cpm
a 0 cpm o  20cpm
B-y 400 cpm B—y 650 cpm
a 0 cpm o  30cpm
Side 1 — unpainted Side 2 — paint stripes
Comments: corrugated Background Activity
B-y 70 cpm
[+] 0 cpm
Sample B-2 Measurement Date: 10/25/94
B-2
-y 100 cpm
o 0 cpm
p—y 600 cpm
a 0 cpm
Side 1 — unpainted Side 2 - paint stripes
Comments: corrugated Background Activity
B-y 70 cpm
o 0 cpm

Figure B—4 Initial survey data for panels B-1 and B-2
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Samples from exterior of building 7

Sample B-3 Measurement Date: 10/25/94
B-3 B-3
B-y 70cpm B—y 650 cpm B-y 550 cpm
a  10cpm o  10cpm o 20cpm
B-y 70cpm B-v 200 cpm
(o] 10cpm a  40cpm
Side 1 — unpainted Side 2 — paint stripes
Comments: corrugated Background Activity
B-y 70 cpm
a 0 cpm
Sample B-4 Measurement Date: 10/25/94
B-4 B4
B-v 1.4k cpm B-y 450 cpm B-y 500 cpm
o  40cpm o  20cpm a  20cpm
B—y 1.5k cpm B-y 120 cpm B-y 1.1k cpm
o  40cpm a  20cpm a  S0cpm
Side 1 — unpainted Side 2 - paint stripes
Comments: corrugated Background Activity
B-y 70 cpm
o 0 cpm

Figure B-S5 Initial survey data for panels B-3 and B4
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B-5
B-y 70cpm
o 0 cpm
B~y 70cpm
o 0 cpm

Samples from exterior of building 7

B~y 1.1k cpm

Sample B-5 Measurement Date: 10/25/94
B-5
p-y 600 cpm p-y 700 cpm
a 0 cpm a 0 cpm
B—y 550 cpm
o  30cpm

Side 1 — adhesive

Comments: corrugated

?773

Side 2 - paint stripes

Background Activity
B-y 70 cpm
o 0 cpm

B-y 150 cpm

o  40cpm

B~y 100 cpm

Side 1 — unpainted

Comments: corrugated

Sample B-6 Measurement Date: 10/25/94
B-6
p-v 400 cpm B-y 600 cpm
a  20cpm a  30cpm
B—y 800 cpm
a  40cpm

Side 2 - paint stripes

Background Activity
B-y 70 cpm
o 0 cpm

Figure B—6 Initial survey data for panels B-5 and B—6

B-6
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Samples from interior of building 2A

7773

Sample C-1 Measurement Date: 10/26/94
C-1 C-1
B-y 15k cpm B—y 2.5k cpm B—y 2kcpm
o 600 cpm o 300 cpm o 800 cpm
B~y 11k cpm B—y 13k cpm B—y 2.5k cpm
o 500 cpm o 400 cpm o 400 cpm
Side 1 — unpainted Side 2 - liquid stains
Comments: Background Activity
B-y 50 cpm
13 0 cpm
Sample C-2 Measurement Date: 10/26/94
Cc-2 C-2
B-y 9kcpm B—y 1.5k cpm B-v 1.5k cpm
o 800 cpm o 400 cpm o 500 cpm
B-y 8kcpm B-y lkcpm
o 500 cpm o 400 cpm
Side 1 — unpainted Side 2 - liquid stains
Comments: Background Activity
B-y 50 cpm
[+3 0 cpm

Figure B-7 Initial survey data for panels C-1 and C-2
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Samples from interior of building 2A

w73

Sample C-3 Measurement Date: 10/26/94
C-3 C-3
B-y 11k cpm B-y 2kcpm B-y 2kcpm
o 800 cpm o 300 cpm o 300 cpm
B~y 10k cpm B-y 10k cpm B-y 4.5k cpm
o 700 cpm a 1.1k cpm 0 o 700 cpm
Side 1 - unpainted Side 2 — unpainted
Comments: Background Activity
B-v 50 cpm
o 0 cpm
Sample C-4 Measurement Date: 10/26/94
c4 C4
B-y 25k cpm B-y 15k cpm B-y dkcpm
o 1.3k cpm o  4kcpm o 1.4k cpm
. \
B-y 25k cpm B~y 25k cpm By 15k oo B~y 8kepm
@ 900 cpm o 900 cpm o & o 1.5k cpm
Side 1 — unpainted Side 2 — unpainted
Comments: Background Activity
B-y 50 cpm
a 0 cpm

Figure B-8 Initial survey data for panels C-3 and C—4

B-8
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Samples from interior of building 2A

Measurement Date: 10/26/94

(A&

C-5 C-5
B-y 20k cpm B-y 6kcpm B~y 15k cpm
a 900 cpm o 1.2k cpm a  Skcpm
B—y 18k cpm -y 15k cpm B~y 18k cpm
o 1.2k cpm o  lkepm o 6kcpm
Side 1 — unpainted Side 2 — unpainted
Comments: Background Activity
B-y 50 cpm
a 0 cpm
Sample C-6 Measurement Date: 10/26/94
C-6 Cc-6
-y 18k cpm B-y 20k cpm B—y 6kcpm
o 800 cpm o 4kcpm o  2kecpm
B—y 15k cpm f—y 12k cpm B~y 8kcpm
o 900 cpm o 1.1k cpm o  lkcpm
Side 1 — unpainted Side 2 — unpainted
Comments: Background Activity
8-y 50 cpm
a 0 cpm

Figure B-9 Initial survey data for panels C-5 and C-6
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Appendix C

RADIOLOGICAL CHARACTERIZATION SAMPLE SPECIFIC RESULTS
BASED ON DESTRUCTIVE ANALYSIS TECHNIQUES

Table C-1 Layer removal results based on geiger-mueller detector
B — v measurements for sample A3c

original thickness: 0.252 inches

side 1
Total Thickness Removed (inches) Activity (cpm)
0 110
0.005 70 (background)
side 2
Total Thickness Removed (inches) Activity (cpm)
0 220
0.006 120
0.010 90
0.013 70 (background)
Sample A3c
250
o)
200
5 150 side 1 side 2
=
S 100 g
° bkgd || /
50
0|||||l||||||11|l|1|1|111|l|||||||11|

005 0 005 01 015 02 025 0.3
thickness (inches)

Figure C-1 Graph of the contamination penetration distribution for sample A3c
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Table C-2 Layer removal results based on geiger-mueller detector
B — v measurements for sample A3e

7773

side 2
original thickness: 0.251 inches

Total Thickness Removed(inches) Activity (cpm)
0 130
0.067 50 (background)

C-2
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Table C-3 Layer removal results based on geiger-mueller detector
B — ¥ measurements for sample C4b

original thickness: 0.261 inches

side 2
Total Thickness Removed (inches) Activity (cpm)
0 8000
0.006 4000
0.009 3000
0.013 1000
0.019 600
0.031 240
0.047 130
0.055 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 23000
0.012 12000
0.023 2400
0.026 900
0.034 240
0.041 120
0.053 70 (background)
Sample C4b
25000
q
20000
E 15000 g, side 2
(2
. 10000
3 p
'§ 5000 j
0 bkgd PN PN
B5000 Lot by by by e )

005 0 005 01 015 02 025 03
thickness (inches)

Figure C-2 Graph of the contamination penetration distribution for sample C4b
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Table C—4 Layer removal results based on geiger-mueller detector
B — v measurements for sample C4e

original thickness: 0.260 inches

7?73

side 2
Total Thickness Removed (inches) Activity (cpm)
0 6000
0.005 4000
0.010 1400
0.016 900
0.023 700
0.033 300
0.043 130
0.054 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 20000
0.015 17000
0.026 1700
0.031 400
0.033 200
0.045 120
0.060 70 (background)
Sample Cde
25000
20000 q
§. 15000 side 1 side 2
. 10000
s
§ 5000
o bkad oo o :eéz
5000 Lol u il b b by e by uyd
005 0 005 01 015 02 025 0.3

thickness (inches)

Figure C-3 Graph of the contamination penetration distribution for sample C4e
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Table C-5 Layer removal results based on geiger-mueller detector
B — v measurements for sample C5b

original thickness: 0.257 inches

side 2
Total Thickness Removed (inches) Activity (cpm)
0 4000
0.004 1600
0.008 1000
0.015 700
0.024 350
0.037 180
0.046 120
0.055 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 13000
0.013 5000
0.022 300
0.026 200
0.030 170
0.035 120
0.043 70 (background)
Sample C5b
15000
o
= 10000 e 2
g
> 5000
E ’
: ]
© 0 t&gd__@c 0
-5000 Lo o b b v o by gy o by v o by v by b

005 0 005 01 015 02 0.25 0.3

thickness (inches)

Figure C—4 Graph of the contamination penetration distribution for sample C5b
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Table C—6 Layer removal results based on geiger-mueller detector
B — ¥ measurements for sample C5c

original thickness: 0.259 inches

side 2
Total Thickness Removed (inches) Activity (cpm)
0 5000
0.007 1700
0.012 800
0.019 600
0.031 300
0.039 220
0.050 110
0.061 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 11000
0.014 1700
0.019 300
0.025 180
0.034 130
0.044 70 (background)
Sample C5c¢c
12000
g
10000
- 8000
g 6000 side 1 side 2
1]
> 4000
> 2000
o 0 bkgd
-2000
-4000
Ll_l 11 I 1t 1 1 | 1_1 L 1 I 1 131 1 ] 141 3 I 1 11 1 I 11 1 1 I
005 0 005 01 0.15 0.2 0.25 0.3

thickness (inches)

Figure C-5 Graph of the contamination penetration distribution for sample C5¢

C-6
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Table C~7 Layer removal results based on geiger-mueller detector
B — ¥ measurements for sample C5d

original thickness: 0.259 inches

side 1
Total Thickness Removed (inches) Activity (cpm)
0 18000
0.011 15000
0.017 6000
0.024 700
0.029 240
0.037 130
0.058 70 (background)
side 2
Total Thickness Removed (inches) Activity (cpm)
0 6000
0.004 4500
0.006 3100
0.009 1900
0.016 900
0.028 400
0.045 140
0.060 70 (background)
Sample C5d
20000
q
15000
E . |
g 10000 side 1 side 2
>
2 5000 ’
®
o 2k 85—0 oG
5000 Lewow b vy v by i by by e b L)
-005 0 005 0.1 0.15 0.2 025 0.3

thickness (inches)

Figure C-6 Graph of the contamination penetration distribution for sample C5d
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Table C—8 Layer removal results based on geiger-mueller detector

B — vy measurements for sample C5e

original thickness: 0.258 inches

7773

side 2
Total Thickness Removed (inches) Activity (cpm)
0 7000
0.007 2100
0.011 1100
0.020 500
0.028 400
0.038 350
0.051 210
0.061 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 13000
0.018 500
0.024 240
0.028 180
0.039 120
0.058 70 (background)
Sample Cbe
15000
—~ 10000 side 1 side 2
3
8 D
> 5000
E
4 bkgd
0 —6 ©
5000 L bbb b by
005 0 0.05 0.1 0.15 0.2 025 0.3

thickness (inches)

Figure C-7 Graph of the contamination penetration distribution for sample CSe
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Table C-9 Layer removal results based on geiger-mueller detector
B — ¥ measurements for sample C5f

original thickness: 0.258 inches

7?73

side 2
Total Thickness Removed (inches) Activity (cpm)
0 6000
0.007 1600
0.012 1000
0.024 500
0.033 280
0.044 180
0.059 120
0.064 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 11000
0.021 1100
0.032 280
0.039 190
0.049 140
0.059 70 (background)
Sample C5f
12000 |,
[0
10000
- 8000 side 1 side 2
E 6000 b
o
> 4000
> 2000
-2000
-4000
| 1 1 1 1 I 1 11 1 l 1l 1.2 1 l i . l 1 1 3 1 l 11 1 ! l | W ] 1 ]
-0.05 O 005 01 015 02 025 0.3

thickness (inches)

Figure C-8 Graph of the contamination penetration distribution for sample C5f
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Table C-10 Layer removal results based on geiger-mueller detector
B — ¥ measurements for sample C5g

original thickness: 0.258 inches

side 2
Total Thickness Removed (inches) Activity (cpm)
0 13000
0.006 5000
0.009 1400
0.013 700
0.022 360
0.031 280
0.039 170
0.049 130
0.059 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 17000
0.009 12000
0.019 1300
0.029 180
0.035 110
0.042 70 (background)
Sample C5
20000 P g
q
15000
—_ o)
£ side 1 side 2
g 10000
>
;E_ 5000
S
0 bkgd .
_5000L1111I.1111..1.[...11....I.-..I....I

005 O 005 01 015 02 025 03
thickness (inches)

Figure C-9 Graph of the contamination penetration distribution for sample CSg
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Table C-11 Layer removal results based on geiger-mueller detector
B — ¥ measurements for sample C5h

original thickness: 0.260 inches

side 2
Total Thickness Removed (inches) Activity (cpm)
0 15000
0.005 7000
0.008 4000
0.011 2000
0.016 1000
0.051 240
0.074 140
0.096 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 13000
0.012 8000
0.017 2100
0.021 500
0.026 200
0.033 120
0.048 70 (background)
Sample C5h
20000
15000
—g q
o 10000 side 1 side 2
>
2 5000
o
0 bkgd — o—c
-5000 Lo v o boww v oo o by v o boag v o by by o)
005 0 005 01 015 02 025 0.3

thickness (inches)

Figure C-10 Graph of the contamination penetration distribution for sample C5h
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Table C-12 Layer removal results based on geiger-mueller detector
B — ¥ measurements for sample C5i

original thickness: 0.258 inches

side 2
Total Thickness Removed (inches) Activity (cpm)
0 17000
0.005 3000
0.009 1100
0.015 700
0.022 400
0.034 270
0.041 190
0.050 140
0.063 70 (background)
side 1
Total Thickness Removed (inches) Activity (cpm)
0 12000
0.010 3400
0.020 360
0.026 200
0.035 130
0.041 70 (background)
Sample C5i
20000
q
15000
£ side 1 side 2
& 10000
o
2 5000
o bkad
_5000|ll||||11|||||||||lll||||||l||l|lll|

-005 0 0.05 01 015 02 025 0.3

thickness (inches)

Figure C-11 Graph of the contamination penetration distribution for sample C5i
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Appendix D

RADIOLOGICAL CHARACTERIZATION SAMPLE SPECIFIC RESULTS
BASED ON GAMMA-RAY SPECTROSCOPY TECHNIQUE

D.1 PREDICTED CONTAMINATION DISTRIBUTIONS

D.1.1 Sample C5d

Sample C5d is of dimension: 8.5 cm by 8.5 cm by 0.657 cm. The measured response ratios are
listed in Table D—1 and shown in Figure D—1 for spacing a=4.0 cm.

In order to compare the measured data with simulated data, it was assumed that the distribution
in the transite sample was the error complementary function, and that the boundary condition
ratio S2/57=0.33 £ 0.058 (as measured using a G-M detector). With these conditions, the

predicted distribution g(z) = erfc(12z) + 0.34erfc(12(t-z)) produces response ratios similar to the
measured data, FigureD-1.

D.1.2 Sample CSe

Sample C5e is of dimension: 8.5 cm by 8.5 cm by 0.654 cm. The measured response ratios are
listed in Table D-2 and shown in Figure D-2 for spacing a=7.1 cm.

In order to compare the measured data with computed data by computer simulation program, it
was assumed that the distribution in the transite sample was error complementary function,
erfc(z). The measured boundary condition ratio is S2/5;=0.54 £ 0.1 (as measured using a G-M

detector). With these conditions, the predicted distribution g(z) = erfc(27z) + 0.53erfc(27(t-z))
produces response ratios similar to the measured data, Figure D-2.

D.1.3 Sample C5f

Sample C5f is of dimension: 8.5 cm by 8.5 cm by 0.655 cm. The measured response ratios are
listed in Table D3 and shown in Figure D-3 for spacing a=4.0 cm.
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In order to compare the measured data with computed data by computer simulation program, it

was assumed that the distribution in the transite sample was the error complementary function,
erfc(z). The measured boundary condition ratio is S»/5;=0.538 + 0.0873 (as measured using a G-
M detector). With these conditions, the predicted distribution g(z) = erfc(18z) + 0.555erfc(18(t-
z)) produces response ratios similar to the measured data, Figure D-3.

Table D-1 Measured response ratio (C;/C>) for C5d (a=4.0 cm)

Energy, keV Cy G Ratio (Cy/Cp) o
63.91 83796 64619 1.3063 0.009840
84.60 36620 29454 1.2433 0.01985
93.11 476180 385261 1.2353 0.003178
113.24 21874 18346 1.1979 0.02264
144.09 88242 73044 1.2080 0.008082
163.56 39667 33039 1.2006 0.01370
185.54 447395 381041 1.1741 0.002771

205.35 35796 30461 1.1751 0.01274

765.35 11908 13494 1.1332 0.02154

1001.00 33766 38100 1.1284 0.009145
Where, C; is the photopeak area for detector 1;

C, is the photopeak area for detector 2.

1.35
1.3
9:\1
>
s 1.25
©
s
2
£ 1.2
Q
2
@
1.15
1.1

AL EL D (N R R A L RN N B NN RN A B N S D B (D S B

Q Measured data

LANLENL B (N B B |

g(z)=erfc(92)+0.34erfc(9(t-z))

[T R TS BT RN IS BTSN B S SN ST SRS AT BN ST

TR A ST WO WO NN YT SRS WA N ST YA S NN SN SO N N S0 SR Y

0 200 400 600 800 1000 1200

Gamma-ray Energy, keV

D-2

Figure D-1 Comparison of measured data and the computed data for transite sample C5d.
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Table D-2 Measured response ratios (C;/C>) for CSe (a=7.1 cm)

Energy, keV C G Ratio (C1/C) o
63.91 35610 30683 1.1605 0.01150
84.60 - 14597 12864 1.1347 0.02591
93.11 176798 157472 1.1227 0.004523
113.24 8539 7675 1.1126 0.03145
144.09 29478 26487 1.1129 0.01212
163.56 12981 11699 1.1096 0.02036
185.54 162788 148305 1.0977 0.004205
205.35 12444 11393 1.0922 0.01938
765.35 4666 4360 1.0701 0.03536

1001.00 13883 13022 1.0661 0.01413

Where, C;j is thephotopeak area for detector 1;
C, is thephotopeak area for detector 2.

i ¥ L] L] l T T T I 1 T T I T T L [ 1 1 Ll l T T T |

1.2 | -

B O Measured data .

< [ ]
coz' 1.15 g(z)=erfc(272)+0.53erfc(27(t-2)) -
= R N
o N ]
2 5 i
e Mir ]
3 | 1
a [ ,\% ]
1.05 | -

[ ] )3 1 l ] 1 1 I 1 L 1 J 1 1 1 l 1 1 1 l L 1 1 i

0 200 400 600 800 1000 1200

Gamma-ray Energy, keV

Fig D-2 Comparison of measured data and the computed data for transite sample C5e.
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Table D-3 Measured response ratio (C;/C>) for C5f (a=4.0 cm)

Energy, keV Cy C2 Ratio (C1/Cp) o
63.91 52152 43646 1.1948 0.00984
84.60 122246 19228 1.1569 0.02134
93.11 302864 265726 1.1397 0.003518
113.24 14348 13157 1.1160 0.02529
144.09 53142 47858 1.1305 0.00921
163.56 23837 21237 1.1224 0.01611
185.54 285393 256941 1.1107 0.003253
205.35 22519 20282 1.1099 0.01512 -
765.35 7534 6853 1.0993 0.02957

1001.00 24462 22639 1.0805 0.01102

Where, C;j is the photopeak area for detector 1;
C; is the photopeak area for detector 2.

1.25 T T T I T 1 |l T T T ¥ t T l T T l‘| ' T T
i ©  Measureddata| ]
a 1.2 -
8 .
o i % ]
g - g(z)=erfc(18z)+0.555erfc(18(t-z)) .
4] = 4
‘5 1.15 B 7
Q. L .
o i i
11+ -
1.05 L ——

0 200 400 600 800 1000 1200

Gamma-ray Energy, keV

Figure D-3 Comparison of measured data and the computed data for transite sample C5f.
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D.2 VERIFICATION BY LAYER REMOVAL MEASUREMENT

D.2.1 Sample CSa

In order to verify these results, a destructive layer removal technique was used to measure the
actual decontamination distribution for sample C5a. The measured layer removal results are
shown and compared to the best fitted distribution of g(z)= erfc(22z) + 0.195erfc(22(t-z)) in
Figure D4.

D.2.2 Sample C5f

Sample C5f was destructively analyzed to verify the gamma-ray spectroscopy technique. The
measured layer removal results are shown and compared to the predicted distribution in Figure
D-5. The predicted distribution is determined with distribution function g(z)=erfc(9z) +
0.34erfc(9(t-z)). Comparing the layer removal and the predicted results, it appears that the
predicted distribution on side-2 is significantly different from the layer removal results. This
was observed for other samples as well, and is likely due to the choice of equal constants A;=
A2, which assumes the two sides were similarly exposed to the contamination. Actually the two
sides were exposed differently. Therefore, it is suggested that the constants A; and A, should be

considered separately when this occurs.

D.2.3 Sample CSd

Sample C5d was destructively analyzed to verify the gamma-ray spectroscopy technique. The
measured layer removal results are shown and compared to the predicted distribution in
FigureD—6. Note that the layer removal results have boundary ratio S2/5;=0.33 which is in the
range of the measured ratio S,/5;=0.33 £ 0.058. The predicted distribution is of the form
g(z)=erfc(9z) + 0.34erfc(9(t-z)). The difference between the predicted and measured
distributions appears significant. These differences could be due to the uncertainties of the
gamma-ray spectrum analyses, especially the choice of ROIs for the full-energy peaks. Other
potential sources for the differences include the uncertainty of the destructive measurements.
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D.2.4 Sample CSe

Sample C5e was destructively analyzed to verify the gamma-ray spectroscopy technique. The
measured layer removal results are shown and compared to the predicted distribution in Figure
D-7. The predicted distribution is of distribution form with g(z)=erfc(27z) + 0.53erfc(27(t-z)).

C5A Transite Panel

1 () O  Meas. Data
Side 1 1 Side 2
0.8 g(z)=erfc(22z)+0.195erfc(22(t-z))

L 0.195
_ o)

0 0.2 0.4 0.6 0.8

Thickness of Transite, cm

Figure D-4 The comparison of measured distribution by layer removal and the predicted
distribution for transite sample C5a
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Transite sample

19
S | ©  Meas. Data
'0.8

. S,

0.6 f(z)=erfc(18z)+0.555erfc(18(t-z)) s

0.4

0.2
0

l 1 1 | l 1 ] 1 l 1 [] ] l 1 | 1 l 1 i 1 '
0 0.2 0.4 0.6 0.8

Thickness of Transite, cm
FigureD-5 The comparison of measured distribution by layer removal and the predicted
distribution for transite sample C5f.

Transite sample

S, 14 O  Measured data s,

0.8

g(z)=erfc(9z)+0.34erfc(9(t-z))

0.6

0.4 é )

0.2 '

0| © o 00°
I 1 1 ] l 1 1 1 l 1 ] 1 l 1 1 ] l 1 ] 1 I
0 0.2 0.4 0.6 0.8

Thickness of Transite, cm
Figure D-6 The comparison of measured distribution by layer removal and the predicted
distribution for transite sample C5d
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Transite sample

S1‘ 1¢ © Meas. Data S,
0.8
. g(z)=erfc(272)+0.53erfc(27(t-2))
0.6 1
0.4
0.2
0
I S W T N W SR T NN SHNN S TN NN W ST S N S SR N
0 0.2 0.4 0.6 0.8

Thickness of Transite, cm
Figure D-7 Comparison of measured data by layer removal and predicted distribution for
transite sample CSe.
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