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1. HMS4 SYSTEM DESCRIPTION

1.1 DESCRIPTION OF MEASUREMENT SYSTEM

The Holdup Measurement System 4 (HMS4) is a portable thallium activated sodium iodide (Nal[T1])
gamima ray energy spectrometer that, when properly calibrated, is able to make quantifiable assessment of
U-235 holdup in the presence of other uranium isotopes and prevailing background radiation.

The use and calibration of the HMS4 is based upon the methodologies defined by Russo in LA-14206,
{Russo 2005), where detection efficiency determination protocols are defined (called Generalized
Geometry Holdup [GGH]). The GGH methodology together with attenuation correction algorithms and
other modeling parameters are combined in the HMS4 software package to provide a comprehensive tool
for conducting in situ gamma-ray measurements. The fundamental principles of these capabilities will be
discussed in more detail in Sect. 2.2.

Figure 1.1 shows a schematic diagram of the Nal{Tl) detection element and its housing for the HMS4
system. Figure 1.2 shows a schematic diagram of the spectrometer primary system components. The
detector element is a 1.0 inch diameter by 0.5 inch thick scintillation crystal of Nal{Tl). Incident radiation
photons from the source material of interest, and for that matter, non source generated interfering
background radiation interacting in the crystal, results in the generation of photons in the crystal in the
near visible region. A photomultiplier tube is utilized to convert the deposited photon energy into an
output current pulse with an output proportional to the energy input.
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Fig. 1.1, Shielded Nal(T1) detector utilized for the HMS4.
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Fig. 1.2. Conceptual diagram of HMS4 scintillation spectrometer system.
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The output current pulse is processed into a form and shape suitable for pulse height analysis. This pulse
output is then received by a pulse height analyzer where its height is measured and stored. Input pulses
are collected for a set period of time so that an energy spectrum can be formed and displayed.

An Am-241 source is positioned on the scintillator to provide a constant reference source of gamma-rays
at 60 keV. This provides a constant full energy peak that does not interfere with the observation of 1/-235

events. This peak provides a data quality check and an electronic gain stabilization signal for the
electronics system.

Figure 1.3 shows an energy spectrum observed from an HMS4, showing the presence of the stabilizing
Am-241 source and U-235. A region of interest (ROT) can be selected so that pulses (counts or evenis)
falling in this region may be attributed to the source material of interest. A higher energy ROI
(sometimes known as window) is set to quantify the Compton continuum from the 1001 keV gamma of
[J-23% in the holdup material on which the 186 keV U-235 gamma is “riding.”

Uranium Spectra at
High and Low Resolution

FTa——) 93.15% 2
- 1Am
ma
-l
1
7 — 186 ke 4
a5 1 al- Drange
Ge: Bius
o]
-u—-A_. "‘L'. 11 it .
= B 3§ & B & 4 % A

Fig. 1.3. Energy spectrum observed with an HMS4 for U-235.
(Mote the 60 keV peak resulting from the Am-241 reference source. For
comparative purposes, an Energy Spectrum is also shown using a
Ge Gamma Ray Detector.)

As with all gamma ray spectra, there are multiple phenomena occurring that result in apparent spectral
peaks which can be due to scatier and other origins that complicate the analysis. For example, U-235 and
its associated isotopes, because of its photons interacting in the source and matrix material, will generate
fluorescing characteristic X-rays resulting in a series of spectral peaks in the observed spectrum (Fig.1.4).
Setting ROIs selects only the peaks of intercst for analysis.
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Fig. 1.4. Energy spectrum with set regions of interest for analysis.

1.2 EFFICIENCY DETERMINATION
1.2.1 Defining Absolute Efficiency of Detection ¥

The use of the HMS4 will result in a full energy peak in the energy spectrum representing U-2335, as
shown in Fig. 1.3. Measurement of the area of this peak will result in a determined value of the peak
intensity cither as counts per unit time or counts collected over time T. 1If the relationship is known
between the counts measured and the source—detector geometry [or that measurement—then the amount
of U-235 can be calculated.

¥ (conversion factor for detector efficiency (calibration), source self-attenuation, matrix and
geometric attenuation, and finite point or line source dimensions) is caleulated as:

Y =AB=K*CF,* CF *CF. (1.1}
where,

A = Net (background subtracted) counts per unit time measured in the U-235 186 keV full
energy peak observed with the HMS4 spectrometer

B = Grams of 1/-235 in the source material being measured
K = Detector calibration coefficient

CF. = Comrection factor for source self-attenuation

CFy, = Correction factor for finite sowrce width (point or line)

CF = Correction factor for matrix attenuation caused by materials between the source and the
detector.
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Figure 1.5 is a schematic diagram of the HMS4 measuring a source containing U-235, Note that this is a
conceptual diagram. The source material emits photons in all directions (4x). Only a certain fraction
travel towards the detector as defined by its solid angle. Of this fraction, only & portion will be detected
and registered as collected events in the energy spectrum (Fig. 1.3). The remainder are eliminated by
several phenomena, including source self-attenuation, detector collimation, intervening materials, and
detector efficiency. Where the full energy of the gamma ray is deposited in the detector, then a full
energy peak cvent is registered. A partial deposition of energy results in the event being registered in a
lower region of the energy spectrum.

a) “Point Source”

Lead shisld and collimater azsembly “point source™

/

b

| R A=

Salid angle y

tegration of measure ts at multiple locations to si a line so

§
|

Fig. 1.5. Measurement geometry for absolute efficiency of detection.
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Determination of the source activity requires that the source geometry must be accommodated along with
accounting for all absorbing media between the source material and the detector. Additionally, interfering
background counts from scatter and background sources must also be subtracted from the peak ROL

1.2.2  Point Source and Extended Source Measurement

Several references from Russo (Russo 2005), and 2 Holdup Workshop (ORNL 2007) are listed to provide
an excellent assessment for geometric (GGH determination) source measurements and most other aspects
of this measurement.

Any extended source can be closely approximated by successively measuring a point source at multiple
locations to simulate that extended peometry. This methodology has been adapted at Los Alamos
National Laboratory (LANL) to GGH measurement with HMS4 to closely approximate the three
pertinent measurement geometries. The HMS4 measures those geometries that approximate to a point, a
line (whose lateral extent completely covers the detector field of view [FOV]), and an area source (whose
lateral extent completely covers the detector FOV [i.e., large piping, duct walls, and flooring]). The
fundamental principles of these capabilities will be discussed in more detail in Seet. 2.2,

For this work, a calibration method is used where a known small geometry source is measured in multiple
locations to effectively cover the extended geometry of interest.

The detector efficiency, K, for a point source is measured by counting a known point source placed on
the extended centerline of the detector a known distance from the detector face.

The detector efficiency, K,, for a line source is measured by counting a known point source placed at
several different locations along a line perpendicular to the extended detector centerline, intersecting the
centerline at & known distance from the detector face. This produces a “radial response curve™ that is
integrated over the detector FOV to simulate the detector response to a line source.

The detector efficiency, K,, for an area source is ealculated by integrating the line source response as the
line is rotated 180° to simulate an area source completely filling the detector FOV,



2. THEORY OF OPERATION

2.1 DETECTION AND MEASUREMENT CONCEPT
2.1.1 Detection Theory

Gamma rays emitted from radionuclides have characteristic energies of emission that are fixed,
irrespective of any external criteria. Each radionuclide emits a unique energy (or range of energies)
whose precise measurement can allow the identification of the presence of that radionuclide. In the case
of the uranium isotope series of interest, each disintegration results in the emission of an alpha particle
immediately followed by one or more monoenergetic photons.

If the response of the detector is proportional to the energy deposited in its volume, then the detector has
an energy measurement capability and can be useful as an energy spectrometer. The crystal Nal(T1) is
optically transparent. A pamma ray interacting in the crystal transfers some, or all of its energy to an
electron (Compton interaction or photoelectric effect). This energetic electron then travels through the
crystal lattice, losing energy to the crystal lattice through lattice excitation, the generation of more
clectrons and the gemeration of Bremstrahlung X-rays. These are typically reabsorbed into the crystal
lattice. The crystal de-excites through the emission of numbers of blue visible region photons.

The light is generated as a light “pulse” whose intensity is proportional to the energy deposited in the
crystal. This light is detected and amplified by use of a device called a photo multiplier tube (PMT).

Figure 2.1 shows how a typieal scintillation crystal and a photomultiplier are coupled together to make a
complete detection element. The photomultiplier requires a voltage distribution so that the avalanche of
electrons can be accelerated down the tube to provide an output current pulse. This device is very
sensitive to changes in voltage and as a consequence requires care in use to ensure its gain stabality.

Fo Optial coupling \

EhotomeiEpac e
Mmalwm RTRG S

= Saroadary
Hal mum ﬂ. i
Ingident =~
garmma-ray

M

\

Fig. 2.1, Diagram of a typical scintillator and photomultiplier assembly.

The photomultiplier coupling to the detection crystal is sealed in a light tight hermetic housing that also
protects the anhydrous Nal(T1) crystal from water absorption. The photocathode is arranged to be close
to the crystal to maximize optical coupling efficiency.
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Typically, 300 to 500 electron volts (eV) are required to eject one photoelectron from the photocathode.
If the energy deposited from the radiation interaction in the crystal is 186 keV then 370 to 620 photo
electrons are generated. This range has a statistical variance which is intrinsic to the scintillation process.
Other losses can occur where electrons escape and other energies also escape because of coupling
efficiencies, system, detection geometries and crystal qualities. This is the limiting factor of its ability to
resolve differing energy gamma rays.

Several phenomena have been discussed so far that influence the detector full energy peak efficiency.
These include:

Self absorption in the source material

Absorption in materials between the source and the detector
Detector collimator

Incomplete absorption of the incident photon energy
Source—detector geomeftry

Each contribution can be complex, particularly when the source material may have an extended or large
geometry. This is the subject of calibration discussions later in this text.

From the above discussion, gamma ray energics are resolved with a moderate energy resolution to show a
peak of the type shown in Fig: 2.2 below. This peak is situated upon background events not associated
with the encrgy of interest-and therefore must be subtracted. This figure accommodates this Compton
continuum (from the 1001 keV gamma of U-238) but does not accommodate changes in the slope of the
Compton confinum.

In Fig. 2.2, two ROIs have been defined, each containing the same number of channels. The first is the
region of the 186 keV peak (denoted “P” in the diagram, and referred to as ROI 4 in HMS4 operational
literature), and a region above the peak containing the Compton continuum from interactions of higher
energy gamma rays, primarily the 1001 keV gamma-ray of U-238 (denoted “B” in the diagram, and
referred to as ROI 5 in HMS4 operational Iterature.)

In the K-25 Bldg., a background measurement will exhibit a similar structure, since there exists noticeable
amounts of U-238 and U-235 gamma-rays in the background radiation coming from other, non-targeted
components. The background spectrum is obtained by moving the detector so that its directional vector is
unchanged while removing the target component from the detector FOV. Identical ROIs are defined for
the background spectrum as for the foreground spectrum. To facilitate further discussion, define the
following parameters:

X = total counts in the foreground plus background spectrum in ROI 4.

%z = total counts in the foreground plus background spectrum in ROI 5.

Xp4 = total counts in the background spectrum in ROI 4.

xps = total counts in the background spectrumn in ROI 5.

2-2
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Fig. 2.2. Observation of 186 kel peak and subtraction
of the background continuum.

To get the net counts from the target source material, it is necessary to subtract two components from the
ROI 4 counts in the foreground plus background measurement. The first is the contribution of background
to the 186 keV photo-peak of U-235 (xps - xps). The second is the Compton continuum from higher
energy gamma-rays on which the 186 keV photo-peak is nding (x:). Note that this continuum is also
subtracted in the background spectrum before subtracting the background from the foreground plus
background to avoid double-subiraction of that contribution to the Compton continuum.

The net counts in the ROI defining the 186 keV U-235 peak is thus:
Xne = X4 - (Xpa - Xps) - X5 (2.1)

If there is attenusting material between the target source and the detector, the background must be
corrected for the attenuation it would have encountered before reaching the detector, as discussed in
Sect. 2.3.

2.2 WIDTH LIMITATIONS FOR POINT AND LINE SOURCES

Russo (Russo 2003) develops finite point diameter and finite line with correction factors discussed in
Sect. 2.3 of this document. Her development discusses width limitations for these source configurations
based on the radial response curve for the HMS4 instrument. An example of such a response curve is
shown in Fig. 4.2. Russo recommends that the diameter of a finite point source or the width of a finite
line source be no greater than the full width at half maximum of the radial response, since the efficiency
ol the detector-collimator configuration decreases rapidly at radial locations outside this limit. If there is.
a non-uniformity in the point or line source outside the stated limit, the detector will not quantify this
portion of the response very well, and could grossly understate or overstate the mass of such a deposit.
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For the specific geometry of the HMBS4 detection system, the full width of the response at half maximum
can be approximated from Fig. 4.3 as 40% of the detector FOV. Limiis on point and line source finite
dimensions will be stated as 40% of the detector FOV for practical operational reasons throughout this
document.

23 GENERALIZED GEOMETRY HOLDUP APPROXIMATION CONCEPTS

The use of HMS4 must result in meaningful assessment of the presence and quantification of the U-235
source materials. This specifically requires that the Total Measurement Uncertainty (TMU) (see
Sect. 5.4) be properly determined for the reported value of the assessed material. Because the size and
distribution of holdup deposits are unknown or poorly known it is useful to approximate these factors in a
way which can be accounted for, given the known properties of radiation detection discussed previously.
The use of simple, defined geometric models is utilized to approximate the unknown size and distribution
of the holdup deposits, The HMS4 detector is then calibrated in order to determine the efficiency of the
detector to detect the desired radionuclide for the simple, defined geometric model.

The HMS4 point, line, and area calculations assume that the basic source distributions are defined as:

s A point source simulates a small, disk-shaped deposit that is completely inside the detector’s FOV. A
point source should occupy 40% or less of the diameter of the detector FOV.

* A line (simulating small pipe deposition) source is a narrow source that extends beyond the detector’s
FOV in one dimension. A line source fills the FOV from one side to the other while generally
oceupying 40% or less in the other dimension.

» An area source (simulating large duct, floor, etc.) extends beyond the detector FOV in all directions

and is assumed to be uniform in mass distribution. Area sources arc subdivided into three types.
These types and their corresponding background correction flags are shown in Fig. 2.3.
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Correction Flag=1  Correction Flag=2 Correction Flag =3
cCR = (A-{B/l)) * cCR = ((A-{B/t)H2) * t cCR= (A-(Bit) * t
where,
A = DMeasured Count Rate
B = Background

eCR = Count Rate eomrected for
source distribution,
maierial attenuation, and
background
== Matenial Deposit
t = Tranamission correction factor (one wall thickness)
tt = Transmission correction factor (wall thickness*2)

Fig. 2.3. Arca background correction types.

Due to the exponential nature of material attenuation, use of HMS4 in situations where the attenuation of
186 keV U-235 gammas is expected to be greater than 90% is not recommended, due to the extreme
sensitivity of this calculation to small errors in material thickness or density at high attenuation values.

Figure 2.4 is a graphical representation of the three source definitions available in HMS4. In the case of
the point and line, the diameter of the disk or the width of the line cannot exceed 40% of the detector

FOV,
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Fig. 2.4. HM54 source type definitions.

HMS4 U-235 measurement becomes valid when the HMS4 measurement geometry, set by the
MNondestructive. Assay (NDA) engineer, complies with the measurement geomelries set by Russo
(Russo 2005) which is the calibration mode for that instrument. To this extent, care must be taken by the
NDA engineer to ensure that the diameter of the point source or the width of the line source is small
compared to the detector FOV. For an area source, the detector needs to be placed so that the edges of the
deposit completely extend outside the FOV of the detector,
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HMS4 performs calculations using the GGH algorithms developed at LANL (ORNL 2007). The GGH
algorithms define the point, line, and area method of calculating the mass of U-235 contained in the
sample. Calibration constants for point, line and area are denived during the calibration of the HMS4
system (Sect. 4.2 Calibration) and then U-235 mass calculations can be made for each generalized

geometry:

Point: U-235 grams =K, * CR * ¢ * CF,, * CFy, * CF, (2.2)
Line: U-235 grams =K, * CR * r*1* CF,, * CFs, * CFr (23)
Area: U-235 grams =Ky * CR *a* CF,y * CFu (2.4)

where,
K Kqy and K,y are constants for point, line and area sources derived by calibration
measurements (gm-sec/cm’)
CR = Count Rate of measurement for peak area (with background subtracted)
r = distance from detector face to source
| = associated length of deposit
a = associated area of deposit
CFu . CFgy , CFp are the correction factors defined in Sect. 1.2,
Rudimentary GGH point, line, and arca models assume that point and line deposits have no width, HMS4

incorporates a finite-source correction that uses a finite-source width parameter to compensate for deposit
geometries that deviate {rom this assumption (Russo 2005).

CFrinie=2n*[1 + G (@/2)] " (2.5)
where,

Opgit = 2, D = 1. @ 15 the deposit width and G 1s the normalized Gaussian {it to the radial
response determined in calibration,

HMS4 determines the deposit gamma ray self-attenuation by using the finite-source width parameter to
calculate a deposit thickness for point and line deposits. For area deposits this width parameter is not
needed, since the program calculates gram/cm’, The defining equation for this finite source width
comection is (Russo 20035):

(px) = -(In(1-p(px)meas))/ p (2.6)
where,

(px) is the true areal density of the deposit corrected for self-attenuation.
(PX)mea: 18 the areal density of the deposit calculated without self-attenuation
i is the mass attenuation cocfficient of the deposit.
All of the parameters used by the HMS4 software GGH algorithms are explained in detail in the

“Gamma-Ray Measurements of Holdup Plant-Wide: Application Guide for Portable, Generalized
Approach” by P. Russo, developed at Los Alamos (Russo 2005).
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Figure 2.5 shows a software screen available on the HMS4 controller where data for each measurement

are entered.
| Paint Aceaquipment: [ | AeabkgComectionfag [
Modified (Date):  (EGE Antenuating Materist (Ear C): E
| Ir || Waterial Thicknexs (cm)c iK
@ Natorial Density (gem™3): -
II_'- mmw- O lagatong
[i | EquipmentWsllCory. Factor: 1 254E0a7
i | FiniteSource Corr. Flag (OWOFR: [0
| Ttis] 2000 SHM Enrichment (%): 72
[ IMMALID MEASIIEMENT POIT - 00 MoT (s | SHM Material Type: LIC2

Fig. 2.5. HMS4 controller input screen.,

Using the interface, the NDA, engineer after evaluating the items to be in situ measured, inputs the
parameters previously discussed to model those items in an appropriate manner which will render a
correct calculation for the items. A simple description for each parameter is listed below:

Table 2.1 HVIS4 input parameter definitions

Parameter

Description

Point Area/Equipment:

First 4 digits of 7 digit description of item being measured
{Grouping number)

b

Point Location; Last 3 digits of 7 digit description of item being measured (Specific
Location)

Modified (User ID): Badge # of NDA Engineer who last input parameters

Modified (Date): Last Date modification of parameters

Modified (Time): Time of last modification of parameters

Source (P, L or A):

Choice of Point, Line or Area geometry for source of item being
measured

Measurement Distance({cm);

Distance of detector face to estimated location of source

Point Dia. Line Width{em):

If Point or Line is chosen as source, the estimated width for finite
spurce correction in ¢m is mput. This information can sometimes be
provided by process knowledge. If no process knowledge
information is provided a conservative value such as the inner width
of the pipe or container, or the largest width reasonably thought
possible for the measurement is used. For Arca this is not used.

Uncertainty in PtLine Width{cm):

Mot used at the current time.

Associated Area (cm’):

If an Area is chosen the Area of the source in cm? is input. Normally |

the NDA engineer input for an area of inner diameter for 1 ft. of
pipe. (x d hor 7 * inner diameter * 30.48cm )
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Table 2.1. HMS4 input parameter definitions (cont.)

Parameter o Description ]
Area Uncertainty (em’): Not used at the current time.
Associated Length({cm); If a Line is chosen the length * width of the source in em’ is input.

Normally we input for width of pipe and a length 1 it. of pipe. (1*w
or 30.48cm * width of pipe)

—Lcnglh Uncertainty {cm):

Not used.

Alarm Point{cnt/s):

—

Triggers an alarm if eat's limit entered here is exceeded. Not used.

Area Bkg Correction Flag:

If an Area is chosen, the correction flag for bkg correction is input,
Normally the bkg flag chosen is 2 which is source fills inner
diameter of pipe. (See Fig. 2.3)

Area Bkg Correction Factor:

If an Area, based on the input above, HMS4 computes a bkg
correction using calculations shown in Fig. 2.3

Gamma Energy (keV):

Gamma Energy in keV input here to determine attenuation
corrections. Normally, 186 keV is input.

Attenuating Material (E or C):

Choice 1s made of Element or Compound of attenuating material,

Atten, Material {Atomic Sym):

Input is either one specific Element or Compound. If Element,
HMS4 provides a density, if a Compound, density must be
calculated or looked-up from common references and entered in
Material Density parameter. Used in conjunction with “slab
attenuation” dialog box to calculate values for attenuation.

Material Thickness(cm):

Thickness of attenuating material is input in cm. Normally this is the
wall thickness of pipe. Process knowledge is used to input this value,
but thickness gauges are employed 1o verify historical information
and to provide a value when the information is not known. Used in
conjunction with “slab attenuation” dialog box to calculate values
for attenuation,

Material Density(g/em):

Automatically enters if Element was chosen, or NDA Engineer hand
inputs if Compound was chosen. . Used in conjunction with “slab
attenuation™ dialog box to calculate values for attenuation,

M for material (cm’/g):

Generated by HMS4 based on the five previous parameters

Equipment Wall Corr. Factor:

Calculated by HMS4 based on the parameters thus far entered

Finite Source Corr, Flag{On/Off):

On is chosen if Finite Source Correction is used, Off if not used.

Self-Attenuation Corr. Factor:

Can be used to enter Self-Attenuation Correction Factor manually if
already known or given by process knowledge. Normally not used.

Finite Source Corr. Factor;

Can be used to enter Finite Source Correction Factor manually if
already known or given by process knowledge, Normally not used.

Extra Correction Factor;

Can be used to enter Exira Correction Factor manually. Normally
used if additional attenuating material is encountered such as foam
in pipe or pipe inside a duct.  ppy [/ 1-e"™*

SNM Enrichment (%0):

% Enrichment is entered. Entered based on process knowledge.

SNM Material Type:

Material of source is entered from list provided by HMS4. Normally
this is UO,F;




24 THE DYNAMIC AREA MEASUREMENT METHOD

Field measurements of piping inside the K-25 and K-27 Bldgs. are characterized by high background
values and poor counting statistics. Moreover, static area measurements of pipes do not bring the entire
interior surface of the pipe into the detector FOV. To improve the foreground to background ratios and
assure that the entire interior of a section of pipe is within the detector FOV, a “Dynamic Area
Measurement Method” has been developed. In this technique, the detector is held with its axis always
pointing through the axis of the pipe, and moved in serpentine fashion over one-half of the pipe such that
the detector FOV intercepts 100% of the internal surface of the pipe over a specified period of time.
Analysis of the reference technical document for the HMS4 system reveals that this technique is
consistent with the development thergin as long as the movement of the detector is smooth and
comprehensive over the section of pipe. If significant nonuniformities exist in the deposited material, this
technique assures that the nonuniform portion of the deposit (perhaps a significant buildup in a localized
area) will be “seen” by the detector for some period of time.

To evaluate the capability of the “Dynamic Area Measurement Method,” one can envision splitting a pipe
into two half-pipes, each with a quadrature grid 15 strips wide as shown in Fig, 2.6.

- - T S Y

in

E = :

» One Foot

L k) = O

on

=

Fig. 2.6. Quadrature grid for HMS4 dynamic area measurement evaluation.

In this evaluation, visualize the two half-pipes as planes, one located above the other. For simplicity of
math, assume the collimator is square and deep, so the FOV of the detector is the same for both planes.
and is exactly three quadrature strips square.



Fur the case of uniform contamination over the entire iterior of the pipe
T
GMS, = [ R{tKCp{tde 2.7
0

where,
M, s e measured grames of U233 wsing the area source algoritho,
Rit) 15 the entire Fusso (Russe 2005) arca source data teduction algornithm including
self-ateousbion, matrix witenuation, source configuration {the delector has 2 source planes in its
FOW at any point in time), and detector efficiency.
Ceith is the net BOI 4 count rate at any point in tine |
It o uniform pipe with uniform contamination,
Rit)=consanl — R
Celth = constant = O
T
GMS, =] RCpdl = RCy T {2.8)
L

This is the saene rosult that would be obtamed from o static ares source measunrcncnk,

If all 1he contamination in the pipe exidizes, hydrates, and collapses inte the boitom 3 quadrature swips of
tha pipe (this would be sirips 7, 8, and 9 in Fig, 2.6), then
T
GMS, = RICCetdt (2.9)
0

and by numerical integration

5 19 13
GMS, = N 1Y RICLar - T ROGKCRitAL — 3 RIC L)AL {2.10)
i=] i~ =11

whire, N is the number of passes (lakeral) required to traverse the cotive | foo length ol pipe.
and., Criti=-Dfori=I15amdi=11-15
10

thus.  OMS, =N Y R0t )4 whoere, At = TA L5¥N) (200
=6
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I self-atenuation is negligible, then Bit) = R (4 constanl)

1
OMS, = (BT ¥ Cule) (rin
i—t

Cretine a, as the fTaction of 370, that 13 counted in At when the deteetor FOV i centered gver sirip i,
(Motw: The ~57 comes frim the fact that in the case of uniform contamination. the FOV js 6 quadrature

strips worth ol contamination. while it all the contaminaticn is in the bowom 3 sirips, the FOV iF centered
an st B s sceing 811 30 stnips 1] contamination: 3006 = 5.

l:.‘g“r.} = Cﬂihu} = a..*ﬁ"‘CR 11.'3}
Ceitzd = CRL) = a-*5%CR §2.14)
Celty) = S*CR i2.15)

GMS, = ((FRTT) 13} §2%ah + I¥:z7 - 1}

Te calcukate the values of a,, use the radial response curve in Fig. 4.2 approximated as 3 trigngle of
height 1 aed base 17, The eotal arca of the elanghke is (L2 17%1 = 4.5,

The fraction of the FOV that is in the detector FOV at position 6 s A, = (L2173 2308 5 =10222
anc g= = CV2RITIRE D 21T D 2 TR Ay RS - T TR
GMS, = (EARTC S 12032 - 20 798 ~ 14 = RCWT (216}

This is alze the same result as the static messuremett, and the same resolt 4s the dynamic measurement in
the ciaxe of antfortn contanttnad fon.

2.5  GAIN STABILIZATION AND IN-PROCESS CALIBRATION CHECKS

The HMS4 detretor sofiware is designed to provide quality conmrol 1o ensure the daea colleeted mects the
standard necessary for the wser. Two types of quality control tests are performed using the HMSA
goftware. The first teat is performad afier the completion of every acquisition. This test chocks the
Am-241 referepee peak for gain shift and count mte. The couar rate of the U-235 analysis peak s oalso
contirmed with a check source at prescribed intervals.

The NDA cngincer sets the number of measurcrmnents which can be made between source check
measurements by the HMS4 software according 1o Bechtel Jacobs Company LLO (BIC) procedune
BIC-DE-OF0E (BIC 2007 Typically, this value 15 set to 1. This neats that aller 1 messurements of
the backeround or toreground, a check source measurement would be requircd. The HMS54 software
peompts the user o make quality conrol U-233 souree checks initially mnd following each set of
measurements. Thi soflware checks the counts per second of the E.235 peak against the information
cmtercd during setup amd calibration o ensure the efficiency of the detector 1o detect 11-233 is within the
limits set by the user. The mean and two times the standard deviation are entered as the Check Source eps
and the Cheek Source cps Limit, respectively. This veal time quality check ensures the data callected
meets the requircments necessary {or the wser and promprs the operaor immediately when there 35 8
problent
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It the quality contl measercments Laik but the detector can be adjusted. the measurements for that data
set are remeaswred to ensure the data meets the quality noeded, 1F the detector can not be adjusied, the
dita seb 45 rejected and will not be used, I addition the quality control check measwrements are enptered
daily into a statishical program (MOCP) which compares the data collected with other data previously
collected {or that detector, Roview of this dutu can establish tends and bigees for further study to cnsure
the detestor s functioning propetly.
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3. MEASUREMENT CRITERIA

31 DATAQUALITY OBJECTIVES

Data guality objectives (DOQOs) have been established by various users of NDA information. The tables
below surumarize the most resirictive DQOe for items that may be measured by the HMS system. In
Table 3.1, DOOs are tabujated which HMS4 may be able to achicve under avorable {low) background
conditions, These are referred to as “Prowvigional QOO meaning that they can be met in some ficld
messurement Siluations, but mot in others, where backeround levels are not aptintim.

Table 3.2 provides BQOs and other data for large-hore pipe. and Table 3.3 provides this information for
valves and expansion Joines,

The “Mulii-Agency Radiation Survey and Site lovestigation Manual™ (MARSSIM 1998 rocommoends
that the Minimum Deteetable Amount (MDA in feld radiation measurements Be no more than 50% of'a
staved 0. Use of HMS4 should follow this guidenee wherever possible.

Tahle 3.1. Provisional IOk for small-bere pipe and tubing

wall DH}
Nominal Materialof  OD 1D Thickaess Length Arca U-235
ltem _ ding  Construetion {iny  {in.} {in.} (n.} [i:l'l'l_;_t{"ﬁ] Lpfe)
025 Sl 054 haed N08E 12 41 03
. (] Steel a4l 0612 IR 12 131 0.3
Tuhing _
035 Manel L0501 0013 2 2] 1.5
.75 Stael 150 04 oy 1z oo 0.5
0.2% Copper 0540 0,304 (0HR 12 it ]
Copper Tubing n.s Copper 5330 (A2 G 2 151 1
_ .75 Cupper 1050 M oy 12 2 i
1 {opper 1315 1.04% 033 12 155 1.5
! wlarel L3LS 1049 0.133 12 155 1.5
L-in. = dimmeter < 1 ez L0 CHxd 0025 12 243 1.5
2-in. 1.5 Copper 1900 L&l 0143 12 392 i.5
1.3 Manel 1904 LA10 0,145 12 97 1.3
15 Steel L& 1315 0.14%8 12 120 1.3
X Copper 237 2087 0. 54 12 503 3
2-n, = diamigter < 2 hlanel 2375 2007 0154 12 03 3
d-m. 2 Steel 2375 2067 0Q.154 2 503 i
3 el 2ETE 2469 0. 24003 r: 1 3
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Tahic 3.2, DOOs for [avge-bore piping

- . Wal 1L )
i Nomial Mool 98D e S e U3
in. ons . . in) . e
3 Coppet sy 3T TRY 12 220 7
oo € diameter 3 onel 1500 3370 0.065 12 20 7
A, 3 Steel 31300 3068 126 12 T4 7
. 35 Stewl 4000 __3.53% 0.226 12 %63 7
4 Cappet 4300 4370 0065 L2 1063 Lk
din. < dijamerer 4 Monel 4,300 4370 0.065 12 106l
= fin. 4 Seel 4500 4.026 1.237 12 Ty 10
5 Steel 5563 S.047 {1.25% 12 122% 10
6in, € diameter 6 Stee] 6,625 6063 0,280 k21475 L
- fU-in. & Steel 4675 $.47] 0277 12 1963 14
10 Steed [T Bl [97 (279 12 2479 22
diameter> 6=y Steel 2750 12090 330 11 204 2
' 14 Steel 14000 13,375 0.313 12 38 22
16 Steel  16.000_15.175 1313 12 M 2

Tatsle 3.3, DO for expansion joints and valves
e Nominal Materlalef  OD 1D T, Length Area i
f;ln.] “E“unstn_lftmn {EI:] (in.) {in) (i} (em“A) i/}
3 kanel 50H 3370 0,065 12 Huo 0
4 Maonel 4300 3370 0 063 1z 1021 I
5 Muoneal 5561 3Ued 026 12 L&l |1
f Manel H6I5 334 0,224 12 1101 Lo
s ¥ Monel  RE2S NA NA - NA 1sa o
) 10 Monck 10750 NiA N NA - 1aa It
12 sonel 12730 MNA pA NiA 2108 Lo
14 Monel 14000 NA O NA O NA 2373 1n
o 16 Monel 16000 MNA N NAC 256 10
1 Steel 68TS G000 04373 134225 LRTA an
4 Stecl EATS 0000 04373 148215 RIS 50
& Steel WHARTS ®3TS 065625 2103 3570 50
Vales Stesl 12000 10750 0.625 163725 3307 50
10 Steel 13715 12750 05625 23075 5963 s
12 $teel 16250 _15.G61) .65 3275 GuST 75
14 Stee] 175060 16.000 0.5 365 11337 75
& Srecl 20250 15380 09375 4375 1502] 5




3.2  PRECISION AND ACCLURACY

Precision s a measine ol'the reproducibility of the system and is derermined threugh replicats counting of
an ilgm with 4 known quanty of mdicactive matetial of interest, For the purposes of this test program,
pcvision iy expressed as the %9 Relative Standard Deviation (RS0 for a ser of repheate messuraments
and i calenlated as Follows,

SARED = {a /X% 100 (3.1)
whete,

o 15 the standard deviation,

3 is the mean of the replicate measured U-233 values,
Accuracy, or bias, fs Hhe degree of agreement between measurcd concenteaiton of activity valies andd the
frue of known values, Acowracy 13 detepmined by replicate countmg of containors with standacds of
known U233 coment, For this test progrum, sccuwracy is expressed as percontl recovery, %al, and is
calcularesd as follows;

Bl = Cgr T * 1M} (3.2}

wihere,

'\, i5 the average of the replicate measyred U-235 values.

C o 15 the “true™ or certilled valoe.
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4. INSTRUMENT QUALIFICATION

Adl calibrution, cabhbreaton veriteation, and cabibration conlinnaton geasurements are (o be oxoeumod
utilizing current and applicable BIC procedures, and subcontmowe procedures and work instructions,
4.1 INSTRUMENT SETLP

The following table defines instrument setup:

Tablc 4.1, Instrumeny setup test requircments

Performance Test Periormance Method Test Resulis

Mepare instrument tor © [dennify the Mal{ Thdetectur MOA se1 foe wse
routing operation by i
creating ot developing | [dentify and ose o porformance check sowrce of -2345:
requidside soflware and
hardwuate parameters. 1. Place the identified performance check source an or
| near (spevify in resalts) the M54 dutevtar.

b2

Lstablish and gecord optimwmn operational {setup)
i patarmcters (or the instramaent hardware and
} seiflmare, {50 Frg 404

Establish and record measurenent cooteal Limit for
| accepiable pertormance bazed on measunrments of
| the performance check o

LFT]

| 4. Performa background measurement betore
ntroducing the calibration source nito the detecier
! = T T

MOA Mult-channe] amalpscr

Figure 4.1 shows o typicat energy spectoum obtained where o sucecesaful setup is obtained using a U-233
chieek source. The full crengy peak from 186 koY is observed rogether with the full energy peak Trom the
Arn-241 60 ke cheek source ingtalled as part of the HMS4, Regions of interest are alse identified that
are wsed 10 asscss and subtract background eviuts.



Typical Regions of Interest (ROI)

for 235
T TNal)
sl HAm
10000 T
|
LE — — ' - :
SOt R gk R E £
chamnel

Fig. 4.1, Typical spectrum with assigned ROIs obtained after successful setup.

4.1 CALIBRATION

DOE M 470.4-6 (DOE 2005} requires that all measurement methods must be calibrated using (1)
standard or certified reference materials, or (2) secondary standards traceable to the national
measurement base, and must be revalidated as necessary. This protocol is shown in Table 4.2

below.

Table 4.2. Calibration test requirements

—

Performance Test

Performance Method

Test Results

y-squared Test to
confirm that the
instrument is counting
random events, rather
than noise or coherent
signals.

Confirm operational readiness of the detector/MCA set.
Identify and use a certified (NIST/NBL waceable) measurement standard

BOUTCE,

Perform Measurements for Chi-Squared Test:

Uitilizing the caiibration fixture, place an approximately 10 g
1J-235 standard in 2 fixed position, horizontally centered on the
detector axis, and 20-40 cm from the Nal(Tl) crystal front face.

Perform six measurements of the source. Do not touch or
disiurb the source or detector between these measurements. The
counting time is arbitrary, except that there should be about 400
counts in the peak ROI 4 for each measarement. Background
subtraction should not be performed.

Using these six measurements, perform the chi-squared test
described in Sect. 4.2.1.




Fable 4.2, Calibraticn test requiresients (comt.)

Perforimance Test

Periormance M ethod

Test Reaulis

Digtenmine soups
[rossonIng Crmor
comtorbution 1 Togal
Seasureement
Lincertamty

Teefionn By Measuramenes

I Unkhang the calibrabom ficture place the (g L-235 stanudard i
a fixed posian, horzontally contered on e detecbor and 40
con fromn the 154 deector fice

(Mote T he soubce « detector distand e 1w tron the detecier Bal{ T Lrv-tal
tront Fce, nod the detector howsang |

2 Pertorm s replicate measurements at the siangtard <oorce
Fiure 3 new hackground 1< oblamed for each replcate and that
the sourcesdetector sedup positioning s perfonned tor each
replicate

3 Tabulate the messurement data bor entey into the 1S4
calibraton voftwars

— . -

Pertorm sadial respronse
e aslrements to
devenming pont, Jine
and area ¢dlibraimn
constanis

Test to confinn
undumaged coystal and
prropet Lolkmalpr
adignnent

Perfonm Radial Response Measureiment-

1 Unhamg be calibration fixmee, place the 100g L -235 standard
m a fixed posiion, heprontally cenlered on the detecine axs
abd M om irens the Sal( [ crestal tront face

2 Repeat s medsunement

3 Pertorm mme swecessn e moasurements by mosmg the standard,
U F o doctements oft the cetrerlne to the right and then nine
micasvrements to the lett ol the detector

4 | abulste the measuretent dats for eotry into the 154
calibranon sbwans

5 Rotate the detector 90+ and repeat the Radial Respomse
Mrwsurements

G Tabulate the measuremwnt data for eoey ieto the FIMSE
calibraron soltware

— s

Perform eriteal walibratron
I Fnter the tabulaied data codlectad above aang [THS
2 Proaut HW54 MCADetector calibration repott
Pertorm 1 otated calibration
1 Enter the tabubated daty ¢ ollected abose nang 1154
2 Pont [R5 W0 A Detector caliiration report

TTMCA Muits channel analyser

MIST  *alwmal Institeng od Stamlards and Technoleps
MHL  MNew Brunsw ik Labdrdisy
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Tablke 4.3, Calibration results

chi-Sguarad Test [per equation [4 1]) Insteurment Idemtification:

Firsl Tast

Second Tes (If necessary)
Third Test (If necessany)

licste Mg i By = 40 g unts, RO r equation [2.1
Source + Background Background hNet Counts

Maasurameant RO 4 [ Rl & RO 4 | RON & RO &

1 ; [ |
2 T

3

4

o

5]

Source Positioning Yartance
aie=  fPeranquabon [4-7])
WRID=_ L _ (P expuziian [4-9])
Radial Bgspanie Measurements (et Counls. RO 4 par anuaton {2-1

Centimaters Qffget
55 Jao I35 Jao Jos Joo |95 J1o |5 | oI5 (10 [ [20 los Tao Jas la Tas

Base : :

ao°

Ratatad : i i

Calibration Constants (as reparted by HMS4)
Poiml Seurce Wy . _ LineSourcerky Afad Source {K,)




Radial Response Data

Print Dabe:  MI92H0E MCA: MMCATIS DET: 100144
T4

AT

o8

Counts
&

‘H"h.
]

B0 ~Fim 500 =300 ] 109 300 S00 Ton aeo
LD A00 4050 <2000 a0 oy 40 EOD BaD

Fig. 4.2. Typical response curve after completion of calibration.

All these data may be viewed through the HMS4 calibration interface window as shown im Fig. 4.3.

Fig. 4.3. HM54 calibration interface.

The above calibration process follows the guidance contained in the base reference document for the
HMS4 system (Russo 2005). An additional step has been added—“Rotate the detector 90° and repeat the
radial response measurements.” This step is dns@:dmdntectmia]mpwmonmgmrs,md
nonuniform response of the detector/collimator assembly. Application of this additional data is discussed

in Sect. 5.4.2.1.4, Other Potential Calibration Errors.
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4.2.1  Chi-Squared Test

To vanfinn that the detector is opotitting it respanse o randorm cvents (nether than white teise or bleed-
ovet Trom s}y stem powser of clectroaes), o chi-squared tese will be run on six replicate measurements with
the spures on the axis of the detoetor 4 om Fom the face of the detector. The spuree-poometry
conliguralion wilk not be touched or disiutbed in any way botween these six measuromants. These
measuretients will be performed befere the calibration is initiated.

The ¢chi-sguared 1est equation s
3]
:f:_: = [I" 1|11|:.|n" L fx, - 3':'||'u.1.n}l‘1 I*‘l}
i=1

where, ¥mey 15 the fqcesn counts {me backpround subfaction) of the sixv rw chiesquared  tost
measureTenls.

K, are the counts for the inlividos! tew chi-sgquancd wst measurements.

Acceptabh values of ¢ for six moasurements range rom 1610 o ©.236. Outside this range, ther is mor
than an 80% chaoce that extrancous non-random evends ane being counted, 11 the value is outside his
range. the problem must be diagnosed and cectified before peocecding to reperform the chi-squared 1est.
The firar step in the diagnosis should be ko ceperfom the clu-square test twice, [ both fesis are within thy
acceptable limks, the firsi west was probably a statistical owtlier. 1T one or bath fail, procced to dimgnesc
the problom.

4.2,.2 Calcvlation of 3ource FPositioning Error Contrlbuiion to THLU

The six replicate calibrasion measwements @ Table 4.2 of the source on the axis ol the dewctor al a
distance of 40 ¢m trom the thoe oF the doctor (wnder * Pectorm By Mueasuremonts™) alse provides for the
caboutation of the contribution 1o the tetal measurement uncertaindy of sowee positinndng creot in

caltbration, sinee the source-deteeter goomelry ix foconstructed afler cack meisdrement,

I, s is belioved, the variance in the replivate measuretnenis s composed of counting errors and soutee
positioning crrots. then the sariance i the rephicate measurements 15

ﬂ_rn;pl = l':'_-..,rnnnlalt!.' < dhﬁp {—'1-.2}
whete, rj:',L.P, i the vananee of the net replicale counts o the RO
O e 15 1HE varianee of the net replicatz counts due to counting slahstics.

07 i the variance of the net replicate counts due to source position.

it


http://C-.__u_t.ng

Recarranging gives:
L2 N
o n 3 npi " =} waliLog
The vet counts in ROL 4 for a single measurement are:
Bopa 4 S D — Xpsl - Kis
The mean value of the replicare measurements is:
N
Krman = b {KH — K~ A xlh"wN
i=1
where, N s the number of measurcments (7}
x,, 15 the measyremen pumber §in RO |
The mean of sy of the ROL measurerments 15
M

X = L Hu"H
=1

(4.3}

(4.4}

4.5}

(1.6}

Accounting lor the data reduction 1o subtruct background, and assuruog thal the sarance of the count

rares in any RO is approximated by the mean counts in that repion gives;
M
I.'T;,r, = l. Ll — B — Kt Ry — Kmean) LUN=EY = R mowr ™ 55 mean = M voeen T B e sy
=]
whore, %54 men - %k o 208 the backgeround vatues in ROI 4 and 3.
alsa, G, =l T {euunts)
which gives the percent relative standard deviation due 1o calibrabion source positioning o
LRSI = 100 o e,
and, the eflect of calibeinon source posiioning errer o icld measuromants of L-235 mss iy

o (grams T-2351 = MRED ¢ W, K100

(4.7

(4.8}

(4.9

(1.10}

WHETS. (0. 13 the measured point, line, or area source grams U-235% in an HMS4 ficld measurcment.

q., {grams L1-2335) is the parameter wsed in Equation (5.3) 10 compule total measurement

utecrrainey
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4.3 CALIBRATION VERIFICATION

As previously swated, valid holdup assessment with the HMS4 in ficll deployment demands thao the
NS4 msage complics wath the calibrution geomelries. Yenlfication of caltbralion geometries is therefore
ubvicusly critical,

Wodeling of the cquipment 15 based on how the item s positioned relative o the detector™s FOV, The
mctheds i be validawd are for a point, line, or arca sewrce, The following describes the item positioninge
required for cach method,

o A pont source simualates o small, localized deposit that is completely nside the detector's FOV, A
poinl source should occupy 40% or less of the diameter of the dotocior FO'Y,

s A e (shnulatiog small pipe deposthiony source is 3 narron source that extonds bovond the dotectar’s
FOV in one dimension. A line source fills the FOY from one side o the atber while occupying 0
or less in the other dimension,

*  An area source {simuolating large duct, pipe. Moor, o) exiends beyvone the detecwor’s FOV in all
direetions,

Table 4.4 preseribes culibration vetification st requirements, Results of these tests are o be repitited ag
defined in Table 4.3,



Tabfe 4.4. C wlibraticn verification reguirements

Performance Test

Performance Method

Tew Resalts

Poanl sgrpee tegidicaion

Coolim operational readmess of the detector YT A pae

[dentibe and wse gqualitied measuremens standard(s)

Perform

l]'JIJ!IJIZ'.Il wource s enrfication

Loluang the cabibration fixture or appeopiate deteclor holders
er hirdware place 4 [ =235 “point sourees * standard (at leasca
secondary | well-characterised] standagdy of betweenr 1 and 5
granis L-23% m 4 fixed posinion, horisontally cendered ob the
detector, and at a diskeng = less than 15 om from the datecton face
wihnch vonltirms to the reguimements for a point source

Mot The detector distanes s fronm the detector nselb, not the deteuwr

Twousing
2 Perfom three replicate mensurements of the siandard
3 Tabulatc the measurement daty
4 Loethe appropricte 1SS poine sowvce  Laltlvanon comstants
fe dletermine the L- 2338 niass of tha meaured standard
Second puwmt sulrce 3 Calculate and report the measured sccuracy and precraon for
@y be iRt to confirm the * poung soumee’ venhicstion measurement
linearity
& Reped steps 15 using & well-charay lerized soune o
appro¥imately 10 grams U-233
Line ~wurée Lerificdatpom PMerfoemy “line souece” venkicanon
I Lt the calibratoon fisiuee or appropriate detecior holden
ot bardware, place & V=235 *loms somree™ stanclard (al Jeast a
secondary [well-,haracterized)| standard} i a fixed positon
honsomally centered on the deteclor from the detetor face ar 4
distance which confiooe o the tequieements of s Bae source
2 Perlpom three replicare measare ments of the standard
3 Tabulate the measurement data
4 Lae the approprate WS4 “hine source” calibration constants 1o
deternume fhe L2345 s of the meayined standard
S L aleulare and report the measured pocuracy atd precrsion for

the *lime sowrce™ vetification measyarerend

-




Tuhte 4.4, Calibratlyn veriMeation requirements (eont, )

[ Performance Test

Performance Meihod

Test Results |

Arca source venficalen.

FPerform “arey soarce”™ verificanon;

!

=

Ltahermg the colibratren Frotuns «r aptpropoais deteetor Hobiors
ar harehware, place a L-235 “ares sooree™ tatdanl at least o
secondary [welb-clhamotenzed] siandardy mn a fied posiion
horzomtally centered on the det=ctor a1 o distance wiuch
conforms to the reyguirements of an area soutce

Perform thiee rephoate Measurements of the siangdard
Tatulate the measwrament dal

Lge the approprnate HMSd “aren soucce™ calibratton consiants
0 detetrmine the U-235 maw, of the messured stundard.

Caloulate and repost the measured 2cowrcy and precision for
the “arca soume” venficahon meganrement

T TTTMOA T Mily-channel anal_wcr-

3-10



In the puint. line, and area source wats described in Table 4.4, theee replicate measuremenis are made for
cach source fepe, The accuracy of cach iz defined by the Tollowing equations:

Mypaan = [ml +ma - !“:}"3 [4 | I}
where,

Whnean 15 (he mean measured U-225 tass in grams.

iy, fn g ar e U235 mass reselts from the three measersmnenls
The percent recovery of the imeasurements 15 defined as:

TaR = 100 (., 1M 14.12)
where,

m s the known mass of e calibration siandard.
The precision for cach thece-replicate wst is defined by the relative standand deviation s

2WRSEY = 100§ {hean -~ 00 ¥ + [Mlpein = MY =~ (e — 0530 2]' ¢ Mg (413
The success eriterion for this sl is based on histoeric cvaluations of the performance of this rvpe of
instpwment (NBC 1991a%: These evaluationy anticipate a fotal mepsurement un{.:m'l,ai.nt} of 50% for Geld
measuicments with attcnoatng materials. Porformance data tor this insoument are ool available, bu for
megsurement ot sources b air, the pecformance should be mackedly supedor o measurcments in
attenbating malerals. Thus the initial suceess will be:

00 - %k = 25% (4144
H this inequabity 1 violated, the st shoukl be reperfortued at Jewsa twice {six additional messurements)
and the "»R and %aRSI) recomputed on the basis of the avaifable nine measurements, T e nequalivy 15
stiti violared, W is very likely that a systematic error of some nature is present i the calibration or

cahibration verification measyrements andior data reduction,  In thes case, the causal Factons) must be
diagnosed and remedicd. and the calibration and-or calibration verification measurements reperformed.
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Tahle 4.5. Calibration verification results

Insirument ldentification:

Polnt Source (Known Source grams LJ-215)
Measurement 1 . hMeasuremant 2 Measuremanl s |
grame U-2356 ° . .. .__grams LJ-235 i grams U-235
Mean Measured Walug _ grams U-255 {equatlon [4.11])
% % (equation [4.12]}
RSO % (equation [4,13])
Line Source (Known Source grams U-235)
[ Measuremant 1 [ Maagurement 2 Meaguramenl I
_ grams LJ)-235 : grams L.235 o orams | -235
Mean Measyred Value grams U235 (equation [4.11])
Yl % teruation [4.12]}
WRSD_ % {ecuation [4.13])
Arga Source {(Known Source grams U-235)

Measumemenl 1 | Meas urement 2

Meazurement 3

ey

%RSD . % [equation [4.13])

. grams LI-235 | __grame L-235 _grams U-235
Mean Magsured Value  _ gqrams U-235 fequation [4.11])
wR % (equation [4.1213
p L % faqualion [4.13)

Second Poinl Seurce {Known Source grams U-233)
. __grams U-235 grams Li-235 grams 235
Mazn Meacured Value grarmg U-235 {squation [4 11]) '
g3 _ % {eguation [4.12])




5. METHOD QUALIFICATION

£1 CALIBRATION CONFIRMATION

The fundamereal gualification of the HM S system is w domonstraie the abilily of the instrument and its
assotiated analpsis algorithms to report 3 measured value of 1-235 within the value given For a known
saraple. The tests described o Table 3.1 will be conducted o determine the consistent repeatatility
[precision} of the detector with items similar W hose tor which the detecror will be used. The instrument
accurmey teflects the degree w which the measured quantity eon be algorithmically veated o render 2
caleulated value that matches a known value, Both accuracy aned precision characletistics, given the
mcasuring instrament and standard methodology, are cssential to establish the abilities and limitations of
the instruthent to perforo a cortain task.

Table 5.1, Calibration confiemation tese requirements

Performance Tust

PFerfnnnanee Mothod T

Test Resulis

Du:monsliate the
capability of the HM54
calibration algnmthms b
correctly report known
material contend in
surrogates that are
representative of avtuul
nurerial holcup
conligurarions,

Static point senrce

Confinn operational readiness of the detectorrMOA paie. demtify and
use qualdied measnrement standard{s).
Perfonm “pomt souree™ condimnation:

Carhon ptes], schedulz 40
= J4py. (lianicder

I Plaee o U-235 “puoint sonrce” standaed faf feast o secotdary
(wall-charactenzed) standacd ) o a maksrial mateix thar i
representative of material configurations for [1MS4
MEASLICTICOLS,

20 Maodel and mzazuee she point soyree nsng FSG-WI-15.

3. Perform three replicate mcasurements of cach of the surmopeate
configurdtions,

4. Tubulate the measurement dia as shown in Table 5.2,

Ay
I




Table 5.1 Cealibration confirmation tast reguinments {conty

l

Performance Test [

Performance Method

Test Results |

Stathe e source

Periorm *line souree con firmation

I Place a U235 “ling sounce’™ standard {at least o secondary [well-
characterized | standard] an & manznal matns that
representate of muterial Et‘.lnﬁgllr.thuns For 1IN &4
meRsUTEITG s ¥

Carbon steel, sochedube 40
o : 3-m_diameter ]
Pipne Carbon siegl, schedule 40
» f-in diamcter

I

Model and measice she “hine sogece™ pamg £ S0-Wi- 13

3 Fertorm theee meplrcate measuremenis of each of the suirogate
configurationsy

4 Tabylate the measurenent data as shown i Table 5 2

Staric arca source

Perform »tatee “acea source” confimmarnan

I Phlice o L-235 "area source™ standard (al Teast & secondary
[well-charaeternred] standard) in s materal matine that i
represemtative of matenal configurations for 1TMS4

TALASUENEnia
R e R T T
Fips Carbom sieel, swehedule 40 >
4-in_drimeter

Y wodel and messure the arca source” using Fso-Wi-1 3

k] Perfirm three repheate measurements of each of the surrogate
configurations

4 Iabulale the measurement dala qs shown wm Table 5 2

Dynamic aréa source

Perform “dynamic area spupee” confirmation
1 Witkowt dosturbongs the <kahie area source confimation
soarcermaterlal mems configuraton. apply e dynamic area
SOMEce measuement iechnigque o this configuratgn

1 Perborm Lbree rr.-:phq:ah: measu tetpents oF thes candiguration

3 labulate the measurement dakd as shown o Table 5 2

a0, Famdield Servive Croup

¥ Sapee prping russalegnents e usoallh cdned oot o ek Bon et an K-25 K-3T the poant D and ared aedkes landards slioudd B placed
g koeaen enw ol seciee of e soroEale ppe




Ty the point, line, and arca source teses described in Takle 350 three replicate measirements sre made (ar
sach source type. The accuraey of each is defined by the tollowing cquations:

Mgy = (01— TI0n - 13 (5.1)

Mypeun 16 thie mocan measwred 1J-235 mass in grams.

my . o, e the L-235 mass resuits from the thres Ineasuretnents.
The perecttt reeavery ol the mepsurements 5 defined as

UOR = IH“ l:.rﬂn||.'.:|||.':|"l'”-| :.52'.]
where, 1 is the known mass of the calibration standand,
The precision tor cach theec-replicate west is defined by the relative standard deviation as

RSO = 100 [{ (Mo - T~ (g — MY = (M —106:Y 5215 T {3.3)
The sucgess crierion lor this st s based on historic ovaluations of the performance of (his typo of
instewmend (R 19%14), these ovaluations anuicipale a log) measuremcnt ancertainty of 30% lor field
nieasureients with attenuating matenals.  Since performonce deta for this mgument type are not
availeble, the manal suceess cotenion wil be

A0 B = 0% (3.4
I this itcguality is violated, tie tese should be reperfommied @t st Twice (six additional measiroments)
and the %3P and %RSD recomputed on the basis of the available pine measurements, i the incquality is
still violated, it s very likely that a systiematic evror of some nature js present in the calibrasion or

calibration veritication measorement: andior data reduction. I this case, the causal Factor(s) must be
diagnoscd and remedied, and the calibravon and:or calibration verification measurements repertformed.



Tahle 4.2, Cafibracion confirmacion resulcs

Instrument Identificallen:

grams U-235)

Point Source [Krown Source

J—

b Measurement 1 Measurement 2 WMepsuremenl 3
. arens L-235 grams U-235 _ grams 235
Maan Measured Valus ararms U-235 [aquation [ 1]}
¢ %R, ) % (equstlon [5.2])
wRsD . e (eqLatlon [5.3])

Line Scurce [Known Source

grams U-235)

Mean bMeasured Valuya grarns U236 [squatn {517}

- = % {aquation |5.2])
i_w,nsn %, [eguation [5.3])

Measurenmnl 1 Weagurement 2 . Measurament 3
L grams U-235 grams U-235 grams 235 :
Maan Meaaured Value grams L-23% (equalion [5.1])
WR_ . Th{equanionis.2])
WR30 e " {equatian [5.3]) 5
L
Araa Source [Kniypwn Source _ grams U-235) -
Maasur?r‘rgn_t 1 Measumemant 2 N Measurgment 3
.. grams U-23§ _ grams U-235 grams U-235
hean MessLmad Value grams LI-233 (agquation [5.1])
SR . % {equakion [5.2])
WRSD . _% [equation [5.3])
Dynamle Arga Source (Known Source grama U-235)
grams L-235 e grams 225 . grams U-235

e
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£ MODEL YAaRIABILITY

The purpose af the measurements i Table 5 3 45 1o detenmne the extent o whieh a pant or bne deposit
can be detocted and measuicd using the siatie on dyoamie wea soures measurement algotithin in HMS4
routtne ficld measuements

The K-25 vent, purge, and drasn (VPDY program witl bave veually mspected prping and compoiwents lor
dopoaits  Of comecm in piping ncasurements i the praental that oxidaton and hydration of UF, deposits
toy LI3-E 5 xHLO may have cansed acowmelabion of matenal mita a “point” ov “hine” sowce in the bottom of
the pipe after the visual inspection In general, pipe with obarved depomita wall hove boen remoyved from
the bunlding, but pust-inspection acenmubaton coubd have oeeurmed

fhe fundamental goal 10 swch siuations & that the deposil i detected and guanulicd i seme tashion
The speaificd measurnonts will boe unlized to define & “porcent recoven ™ facouracy) for arce source
measuements of pownt and hine sowrces Trom the top, sade, and bottom of piping sysiems

Table 5.3, Vodel variability test regquirements

Performance Test

Performanee Method

Test Results

Dt the s anablity
ot the reporled L2239
ikt values when the arca
algarthm i used o
itAslre Samiple
cenfigdratons. that
acioally drsplay pomnt or
firwe characterishi s

Confinm vperaional rewdinesy of the detector 0 4 parr

Identsy and vee qualificd measurement skandardisd
Pertorm "patat” source evaluancn

-t

f1

Posiier the TIMS4 detector to cowlale standand holdop
ITE3SUE Mg ["'TUl'l}L‘ﬂlh

Mace 2 well characterszed pomt source stapdmd mo siimggate,
varbon steel, 3 diometer pupe ® Vodel the measurements as
an ares e by Tollow g FSG-%W1-13

Perlorm three feplicate reasurements applying the Jymanue
mcdswrenent echigue freim the top of the pope

PMerform three replicabe measugements applving the dybanne
nwsasurerienl o hegue Ioom the wide of the pipe

PMeriorm shres replicate meawwemens- apmying the dynaoe
mmwzasurement te ipguoe from e emom of he pape

Caleuate sid coperr the mreasared aconree v amd preemaan for
wilch «et of three replicate measoremants as shwwwn n Takle 5 4




Table 5.3, Modol variability test requircnaents (cont.)

Fﬂrfurmaric@_.‘i'lﬂlmd o Tugt-ﬁliéults

L Performance Test

Pertomn “hne™ sonrce evaluanom

1 Position the HMS3 detecior e eoaulate standagd bulebg
ey =H B B Fl]l.':ltl'll.'.‘ll'l";

2 Place a well characterized e source standard im a suimpgate,
carbon steel, =d-m dameler pipe ¥ Model the measurements oy
an aved suurce by follow mge FSG-WI-13

1 Perform three repheate measurements applying the dynamic
maesastrg ment echnique fom the op of the ppe

4 Petform three replicate maeasm ements applyng the dy ppmag
measarernent echimgue rom the side of the pipe

5 Terform three rephcate messurements applying the dy naimie
measureoient echimgue from the batiom of the ppe

6 Caleulate and repert the measured acewraey and precision for
each »¢t of three rephicite measurements as shown i Table 5 4

- — s e, S SR, N —— = L =

* SaiL IPERE Bl eMiGhrs are @syRls Lemied sulan ong -beat secbone a0 K25 K27 sk o Diew, ancd iy sosuic e senmsbans sl ld By pikaessd
g brwan cne-dagal seckeao ot rlw BT AT ET IR

The percent recosery of a poimt som e measured as an arca souree 1s (for three replicate measurements}

3
YoRp, = (1007} Mg Z My g (53
=1
where, 1, . p 28¢ the mdividual mcasured mass values of the pont souree and
my, 15 the true (hnown) mass of the point source
The percent reeovery ol a Line seurce measured as an arca source 13
3
ﬂ"i:lR'_J ={ L{H):1 my, L Maea (3 &)
=1

whete, . o 2 the iwdrydusl measured fidss values of the hine souree

my 15 the frue (Khown} mass of the bine soteec,

3-h



In piping systems, due Lo gravity, il s probable that undetected pomt o line source deposits will fall w
the bottom of the pipe. I this 1z the case. area source algoritho medsurements made Trom the side of the
pipe may nat deiect somie oF all of the deposits i the bortom of the gipe. This goometric configuration
will also cause under-prediction of the atenuation of TEG ke gamma rays from =235, which will caose
a negative biag o the U235 mass measurement. (The teack length of a gamma roy coming from a deposit
in the battom of e pipe 1o 2 detector placed at the side of the pipe s noticcably greater than the thickness
of the pipe wally For these reasons, HMSS should be positioned above or helow the pine during piping
megsurewenty witenever practical,  Movesver, jn area source measurements, i appears frof the
dypstinic measurement techaigue will be superier to stofic measnremenss in defecting nanobserved
accmidation deposits in pipes, since his echiigue brings the ertive surfoce of the pipe info the
detectior FOV fur same period of tme,

Thwese conclusions will be cvaluated by subject matter experts in hghie of the data provided by the above
testy, and recommoendations, directions, and quantificatien of potential cimors will be defined o the report

of the results of this LIMS4 Performance Testing and Validation Flan (PTVEP)

Table 5.4. Model variabity resulis

Instrument identification:

Paint Sourca [Known Scurce

grams L-235)

deazy re_r'r_rﬂg_l._j

easuremen| 2

Mewsuronient 3

____grams 1J-23%

wrams L2285

erans Li-235

Mean Measzured VYalye

—_—

RS0

— —n

___qrams L1225 (aquation [5.1])

BLR % {equalan [5.5])

__% {equation [5.3])

Line Source |[Known Scurce

grams LJ-235)

Measural"ﬁant 1

Mensuremenl 2

Mewsurenenl 3

. arams U.235

s L0235

o erams LiWXAS

hean Measurad Yakiie

D.'rl:l R

P— — i ——

grams J-235 (equatlon [51])

_ % {equation [5.6])
RSO . % fequation {5.37)




53 OPLELRATOR PERFORMANCE VARIABILITY

liwe purpose of s set of tlevts (detailed in Table 3 53 15 0 evaluate the varabulily of results trom a single
operator and from different operators when applying the dynanmc {ar¢a source} measprenent tachniguc to
mpcs  This test requicea 5 aperalars to cach perfosm 14 ceplicate measurements of the same scehnon of
pipe where 4 known-mass arca source has been placed on the moer surface of the pipe Since ths 15 a
controlled cxperunent e detect difforctics m measercments of 4 single operator and ameng muluple
apcralers, the prmary data of ineerest s the gross coungs 1o the ROL of the T8G ke gamma tregion 41 of
L-235  The backpround wall be tgaored 10 the statistical analysis sinee the test environment 15 4 low
background arca end we are fooking for varability o the gross (foreground plus background}

Oas reIcots

Tahble 5.5 Operator pertormance variahihity besl Feqarements

Performunce Tust Ferformance Muthod Tiost Resulis

Cretaronine the varinbality Cooenfirm operateonal readines of the detector WO A parr

In measerement ety Tdbetsni £y ared e quadilied measurement standardi(s )

due to uperator Trer firm area soUTCE COMPANSON

tepeatalnloy and difterent

aperator iechniyue I Poution the 554 detecior ro counlate standard holdop
Anulyire the data to measUrement proboeals

determne anabiltg n

measarement data as a Place & well chamcietnized ama soure standard 13 a surrogate

ra

resull of single uperator varbon steel =1on diameter pype Model the nieas ucemenrs os

varation m iechnigue. an avea ~ourt ¢ by tollowmy FSO-WI- 13

and sanabilny between

Tt 3 Operators 1% shall perfotn a measiiement vsang the  dypamu
quantitatine measurement  techoque applcd from the wop of the
pipe

4 Caleulate and report the measured valoe ay shown m Table 5 6
Inchudes e ROC report bor Fall evaluation of the dala

boote Operators 15 shall perfort edividual and mdependent
measucements of the satne surrogate vonfigaration m sequence

3 Repeat step~ 2 5untifl each operator has made B4
measurements

= S INCe PRI Mttt 0 dby welit Ly Bl anene dued sconon- ar b 2% K 27 dhe pannd hne ol e seieg s ikdaids ~Tuobd b placd
a1 kmonen o Eaor scolwin of che siweeddbe pipe

Ly
fand



531 Single Operator ¥ariability in Dynamic Area Source Measurcments

To determine a ropresentative measuremen! ubcentainty for a single operator’s matipuiation of the HM54
instrument. the vanance of cach operator will be caleulated and symmed in guadratore 1o pet an average
variance for all five operators. Thus,
M.
kl'||-|:.|,'.|r|:{']"'ll’l'li:lz xlk [51?]
k=1
where, X, e 16 the ean counts for operator i,
B =14 in 1his casc,
Ky, ate the individual replicate counts for operator i
The vananee of operator s counting over B4 replicates is
N,
- 1
szll = gl"’[[\ﬁ_l}= E I:xlh-xl.l'l:li.'d.ﬂ} !.5-8':
k=1

and (he single operator varlanee sver A0 3 operators in the tose (s

5
ol = (14} X o, (5.9)
=1

where. e quadrature is divided by 4 since we will use up one degree of frecdom in calculating the mean
of all the observations as

5
Koo ™ LIS E % s {510y
=1
The percent relative standard devianon over alf operators is then

YRREEY ~ 1O o, X (5110}

and the contnbution of the varianee of measurerments by 4 single operatar 1o TAU for an HMSE field
MCASUFCITICNT 15

o fgrams L1-235) = 4%R5D tm,,,, W 100 fused i Eqeation [5,19]) (512}
where,

Mieq 18 B L-235 imass value in the field HMSd measurement.



Table 5.6. Single operator perlormance variability resuls

Instriment Idgantification:

{Net Counis in ROl 4]

Operator ¥ 1

Oparatar it 2

Operator #3

Oparator# 4

Operator # 5

1

11

13

14

Mean
Counis
{Equatian
[5.71)

Varlancs
|Eguation

Variance aver 5 aperators {Equution [5.9])

Mean over 5 opevaters | Equation |5.10])

“W RS0 over 5 aporators (Equarion 5 LLY)



5.3  Inter-Operator Variahility
To answer the guestion. “Are the techpigues ol the various operatos statistcally  differepy?.”
the student’s t-Tost will be unbized. Lach opgrator will be wsted agamat cach of the tiber fir eperstors,
resuiting in atoal of 18 tests fur significance of differenee beoween the replicaw populations.
The Test parameter between operator i and operator | 15
cy ] 2l -
E {8 e - Aprean 1S 0T o T~ ﬁ_w.l'rhﬂ {5.13}

In this case, N, and N, are both 14, and 50 « % mcas, 000, and 67, are a5 detined above,

For this test, (see Table 573 values of 1> 171 indicate that theoe is at least a 90% chance that the
difference between the ta o operator medsorement populations is siatistcally sigmificant.

It all the oporators pass all the -Tess, then this coatriburion o weal measurement uncartingy will be
ignored. 1f not, then the varance between operaters will Be calenlated in queadraire a3

5
@ un = (F4)E (Koo - ¥ew)  (ROURLS) £5.14)
i=1
The pereeni retatrve slandard deviation (conntst due ke variability between operators 15 then
SRS = N0 ¢ Xagn [5.15)
and the vonteibution G total measwement unceotainty tsed in Equation 15197 is
g, (£1AMS LI-235) = SRS 0, (Mg, ) 100 (5.16)
whete, Mpme, & the 1/-235 mass determined in an HMSS Meld measueinent.

Tahle 5.7, Inter-gperater variabiline results

Ingtrument Kdanification;

{t-Test Parameters (Equation [5.13])
(t * 1.71 Indicates Different Populatlon @20% Confidence)
Dperator Operator ¥ 1 Operator # 2 Oporator W 3 Oparaior & 4 Dperator ¥ 6
T X
1 -
X X
2
T x X X !
3 i H
X ' X X F
L4 | . —

Inter-oparator Var@ance |Equation 15.74])
iner-operater RS0 (Equation [5.15])




54 TOTAL MEASUREMENT UNCERTAINTY
S4.0  Sowrces of Measarcnent Uncertainty

Randam and systematic measureinent unceriaintios are propagated o derive a TMU. Systemate envor in
& moasurement is a consistent and repeatable bias or offscl from the twe value. Randiom and pocudo-
random errors i 2 megsurement are the wentifisble variations belween suscessive measurements made
under apparently identical measurement conditions and may include counting uneerlaintics as well as
crrors celated to ill-defined data reduction paramcters, crrons n physical measuraments, inbomesencitics,
matrix imerferences, and variations in chemical eomposition of Jeposits which may pot be delined
directly by holdup measurcments results.  Pseudo-randony errors can ereate cither posilive ar negative
bias, and do not display a significant predominance of one (ype of Mas ot the other. TMU s derermined
using both cmpirical daa colleeted during wests of Whe instrument measuremend capabilitics influenced by
ambient conditions and madeled perfirmance data that exerapolates for measurement conditions ilat
cannol be readily stimuolated,  Random wnd pscude-random erroe components are added o quadrature,
Systematic enor components which may create a negative bias on the computed U-235 values are added
w the overall estimate arithmetically. A systematic error bias that creares only 2 positive bias on the
computed U-235 values i agnored s i caleatadon of TMU for confidence lovel determinations
{c.g., “93% confidence™),

The contribuling upcerainties ¢an be lwge and ouwmerous,  The listing below sumwnanizes uncertaimty
contributions in a somewhat subjective order of decreasing itmpuottance (NRC 19910,

{1 Unkoown material disiribotion o location, which affcets the souree-to-detecior distance and the
validity of the chosen physical model slgovithin, cither a point. line, or area source calibration and
chuta rieduction

(2% Sclf-ghsoption in the deposit matetial or its matrix

(31 Gamma-ray attenuation by intervoning malnx materials

(41 Backgrownd interference fram distant line-of-sight afyjects or from adjacent unresulved material

(3)  Detector instability or improper calibration

(6)  Unrepresentalive calibration standards

(70 Couning sansics

{(2)  Uncertamdy of holdup makerial isotopic cotnpasition

{91 Deviation of achual measurement geornetry frotm the calibration geometry

Gach of the potential comtributions aoted above has been evaluated in Tght of the physical, chemeeal, and

sotopic conditions expested o be encountered durning the disassembly of the K-25 and K-27 Bldgs,

Application of the HME4 system and its potential measurement eirors and uncertainies has also been

evaluated in light of the govering technical documient {Russo 20051 on which the HMS4 measurements

and daia reduction algorithms ave based,

Many potenginl sources of measwroment crrer in application of thie HMS4 system have been idemiificd.
Each of these must be addressed in one of the fllowing ways;



(13 The error is sigmificant and randien te.g., couming statisbics), and will be compuied and added in
quadramire tothe TMU.

(2} The covor s significont and pacudo-randoerm (cp., measurement of the distance fhom the souree
the detector in walibration), and will be computed and added in quadraturs to the THMLL

(¥ The error may have a syslematic nepative bias on the measurement of U-235 results (eg.. wse of
process gas enrichinents late in the life of the cascade, which would represent the highest possible
cnnchirent deposits and thus the bowest sclf-attenuastion calculations), and & reasonablc
consetvative bounding assumption can b made s utilized in the measurements and data
reduction. In this case, the bounding assumption is contzined in the tominal measured value and

will not be added e THL

(1) The erver may hawve a systematic posilive bias on the measurement of U-235 results (e.g.. neglecting
cumrasion and eroston of pipe wall thickpess 1 the calewlotion of matrix attcnuatonh, and wall be
ignored as (this represents o bounding conservative assumiption in the calvufation of U-235 mass as
deserted inoilem (3] above.

5 The error may have a randoth oF sysiematic negative bias on the messurement of T0-235 resulis, bul
¥ ¥ pA
cvaluation of the magmitude of possible crrors demonsteates that the errot s negligible in the HMS4
application in the K-25 and K-27 Bldgs.,

iy The error may have a syslematic negative bias on the megsurement of 2235 tesulls, and a
reasonable calcadation of the potential avor can be accomplished for cuch measurcment. This
systematic crmor will be udded arithmeticalty w0 the TMU for the measurement,

(7]  The eror may be systematic snd significant, but will be dotected in calibration o tield
measurcments. and the causal factor(s) wikt be comrected and the measurcment repoated.

£4.2  Calenlation of HMSA Total Measurepend Uncortainty
£.4.2.1 (Calibration Uncertaiunty

Amnmalysis of the calibration process reveals only fwo dominant sources of calibraton emor contribution to
TMWU.  Thix results trom the fact that the U-235 matenial iself is well characietized in its chemistry,
isotopee components, #nd sotopic masses. Howoever, the soute is composed of the wranium material
encased in a matrix of matenials (o allew for handling and positioning, and o assure that there 13 no loss
of materis] from the source. Phus, the likely sources of ciTor are;

o  Computations of seli-attenuation within the active source and its contsaining matrix
»  Positioning of the soaree with respect w0 the deteetor geometry during calibration
s Coupting statistics

5.4.2.1.1 Source Matrix Self- A ttenuation
Thiz crvor results from pseudo-random inaccuracics in the thicknesses of the sonpce material and 1he
souree rmatns in which it is contained. Sine¢ this parameter could be a significant source of calibration

atror, it s assumed that great care is taken in wilizing unifor materials and detenmining their thickposs,
On this basis, a plus of minus 5% porontial cror 13 attributed te thesye thickness specilications,
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Computation of e contribution of thiz ceror will be accomplished by increasing the source and matrix
rmaterizl thickness by 5% in the HMS4 calibration alporithm and observing the tractionsl change in the
calibrion constant,  Since e inferred U-233 conteat & proportional to this calibrarion conseant, the
peeudaundein wrror will be thal same fractiotal change in the measured U235 value, which is denowd
&, Ihe standard deviation of calibration error dee o sctf-ahsomtion in the calibration source, This orror
will be combined with ather rendom psewda-random crros in quudrinnre,

54.2.1.2  Sowrce Positioning Error

The primary conteibution e ihes error will be errors m measunng the axaal distanee from the source to e
tace ol the detector.  Calculation of this contnbulion e TMLU is deseribed in Sect. 420 This emor i
denoted o, the standagd deviation of calibratien etror due W errors in souree positioning. This emor will
b combaned with the sther randomdpseudo-random eorors in quadrature,

54.2.1.3  Couwntlog Statksties

Calibration ¢ounting statistes for foreground and backgrownd measurements will be computed using
standard statistical methods and propagaicd in quadratung with other random and pscudo-random crrors.

5.4.2.1.4 Ocher Potential Calibration Errors

Source positioning crror ¢an result from the requirement that the base measurement must be made with
the sourvet on the eatended axis of the detectorcollimator assembly, und the radial measurcments must e
made at known intervals to the “left™ and “right™ ol the axis of the dewetsrcellimator assembly aloag 4
line porpendicular to that axis. I any ol these requireinents are violated with any significance, a non-
symmetric radial response will result. I a nonsymmettic rudial response 15 abscrved., the peometry of the
calibration sctup must be corrected, and the calibration reperformed.

Mon-unform response of the detectorcollimalwr assembly to olt-conterline calibration source locations as
the detector i rotated on it axis ven mesoll frow Mal crystal damage or non-uniformity, or misalignment
of the collimatoridetector assembly.  This potential error will be diagnosed by perlunming 2 sceond
lineescuree calibritton, with the detector rotated W0 degrees on ity axis fromm the first dioe-souree
enlibration.  IF the radial respomse we cither Jocation (s notcesbly non-syimmetric, o if the full-width at
half maximurm of the two radial responses differ noticeably, the cause musi be diagposed and corrected,
and the calibration repesformed.

Instabilities in instrument gain and fincarity are monitered by evaluating the signal from the residem
Am-241 soange integral to the detector. Any instability will be cevealed ws part of cach measuwred gamima-
ray spectrum. Thus, errers duc e instrument instability will be remediated in process, and are ignored in
ihis rreatment of TMLL

5.4.2.2 FErrovs in Specification eof Knrichment Levels

The caleulation of holdup source seli-attenuation by the HMSE systemn s meosl sehsitive o the
speeification of the enrichment level of the deposil. Souree self~attenuation is miostly cavsed by the heavy
uranium ouclews due o its very high mass ancnuaion coefficient (Russo 2005). Totad uranium cootent is
deternined by dividing the U-235 measured mass by tw enrichment. Thus, for highly coriched uranium,
the todal weanium content in the holdup sonees may be only abour 108 tines the U-235 mass, while at the
lowest corichiments, the total wraniun mass may be W0 tmes the U-235% mass. Morcowver, the effect of
self-absorption s not linear. but exponential with the inverse of ennchmen,
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Fusso (Russo 2005 caleulates thar selfeabsorption is negligible below toral uraniom aceal densines of
aboue 0.1 gns!cml. At very high enrichment, this areal densiry results in U-235 amounts above the DO
{and thus the acrion levelsy lor 2-235 in pipe and other components measured by HMSE,  Af |ow
entichments, bowewer, DO lovels of U-235 10 pipe result i massive amounts of aclf-absorplon.

Dreposits Taid late in the life of twe cascade would be expected 1 be ar carichment 1evels charwteristic of
process was laws in the lfe of the cascade. Consumption depuasits which may have ocowted continuously
osver the life of the cascade would have an averapge enricliment cqual to the mass flow aversged
corichment a that peint o the cascade over the it of the cascade,  Doposits laid carty in the life of dw
cascade would have ennichment charactenstie of process gas catdy in the life of the cascade.

Periodic cleaning of process piping and cguipment would tond t cause deposits w be at the higher end of
cnrichment possibilitics.  Siocc a majerity of the deposits that HMS4 is wilized o detect probably
securred continuously over the life of the cascade, the appropeiate nominal assumption might be io usc
the mass flow averseed ennchmeone at any poing in the cascade. However, this assumplion would siill be
subject to measurement uncertanty since any given deposit could have been laid carlicr o the hie of the
cascade, and remained updisiurbed thercabior, There appoar (0 be two chotces here. The st would be w
compuie 2 custom-tailored moasurcment uncertainty for cach wmeasurement locaton.  This would
intwiduce ficld operational complexities that ave unjustifisble in light of the precision benefit nealized.
Alternatively, a bounding conservative assumption could be uilized for the deposit eorichment at any
point i the cascade Tor the nominal U233 mass caleulation. To account for deposiv that may not by
representative of continueus consumption over the life of the cascade, and might have been lad, at least
parctially, carly in the life of the cascade, the assumed deposit eorictipent aft any point in the cascade will
be taken s 3000 of the mass bow averaged process zax earichwent over the life of the cascade w a given
measurement peirti i the cascade,  For this component of TMEL the mngertainty is embodied o the
nowtinal caleulation, sono conkribution to TMU will be calculated.

£.4.2.3 Gamma-Ray Attenuation by Matrix ¥aterials between the Source and the Detector

The material configurations originally installed 1a ftems that are measoered by the HMS4 sysiem are well
characierized and knewn. The major eimor contrdbution is expecied @ be material cortpsion and erosion
aver tune thal has reduced the matrm attenualion comparcd b the mode! used in the HM54 data reduction
algorithin. This crcates a positive biag of measured 1F-235 amounts. Thus, this effect will be ignored in
the computation of TMU for HMS4 measurements.

5.4.2.4 Heldup Sonrce Loeation and Distribution

The large majority of HMS4 measurements at K-23 and K-27 are canied out on piping systems. 1t s
generally experted that wodisturbed holdup deposits will be uniformly distributed. However, if the
deposit bas been exposed o Imeist air, oxidaion and hydration of the deposit have been observed to
oceur, with the hydrated oxudes beocoming 1oose and {alling to the borton of the pipe in question. Since
all HIMS4 measurcments (oither arch source measurgments o fnite line sousce measurements) assume
uniform deposits on the innet surface of & pipe, an error can be introduced if this ~oxidation-hydration-
separation” phenomenon his occured. The bias ereated by this error can be either positive of negative,
depending on the measurcment techongque utilized and the source-detecror geomeiry lor a specific
measurement. This potemtial erer s mitigated by the VPD program in which the intenior of the pipe s
visually obscrved via bove scope, and piping scgments with visible deposits are removed From the system.

For both the dypamic ineasuretnent echnique using an area source algorithm und the finite line source

miasurement technigue, st are specified in this doecument e define the ¢ffect on these measurements af
the source beinp concentraled in the bottom of the pipe. The resulis of those tests will be used to define a
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contribution to total measurcment citor o be attriboied o this phenomenan. The exact nature of this oreor
parameter, denoted &, will be defined after the test resubts are known.

54.1.% Approtimation of the Corved Surface of & Pipe a5 a Planc

Measurement af e interior surface of 2 pipe using the arca source algoritun imcorporates the assumption
that the curved surtace of the pipe can be aporoximated as a plancr ares. This assutmpion introduces wo
potential crrors.

First, the detector FOV of the interior surtace of the pipe cncompasses more of the arca source at 4 given
FOV than is assuned in the daty reduction alperithm. This will create an unkaown {at this time) positive
bias on U-235% mass resulis,

Second. wnattcouaied U-235 pumma rays will pass through a shightly longer wack length in the source
material and in intervening malrix attenuation matenals before cncounterng e detecror. Thus, bath sell-
attenuation and matrx attenuation will be greseer than reflected in the data reduction algorithm.  This
ervor will have & nepative bias on L'-235 wass results.

Dircet experimental quantification ¢f these compensating biases, cither separatcly or together, will be
difficult due in the presence of other econ inducing phenomensa in measurements. Quantification of the
composite offecet of these two emor terms will be accomplished via comparison of Monte Carto
simulations of planar geemetrics ond the actual carved geometry of piping configurations, This ertor will
he systematic, and could be cither a positive or a negative bias on 1J-235 messuremends. Sincee the emmors
competisate onc another to some cktend, the magnitude of the composite crmor may be nogligible, 1
significant and a negative bias on [-235 results, it will be denoted e, the sysiematic ermer induced by the
planar assumption. and added arithmetically to the TMUL H the bias is positive for U-235 results, this
eor will be ipnored in the computation of TMU as it would represent o consenative bounding
assumption.

54,36 Dackground Measurement Errors

In situ measurements of boldup material can be sigmficantly mlluenced by ambient backpround
etmanaling fom olher sources in the area, or seurces external to the bulding. HM34 prgtocals reguire
that, where possible, the gpeometne configuralion of 2 measurement be excouted in such 2 way as w
minimize background contributions from obvicus adjacent sowces (pipes amd cquiptnent),  Morcover.
attenuation of hackground by the targel matris is aceounted for in the HMS4 data reduction algorithin,

Svatemate errors in background measurements arise duc o the fact that the detector is moved for the
background messurement, maintaining the direction vector ot the detector axis while removing the
forcground target framn the detgetor FOV. Thus the FOV of the bockground meoasurement is slightly
altered. With this an rind, the systematic component of background measurement will be pseudo-
tatlem, and defined as plus or minus 15% of the measured value, densied ay,, the standard deviation of
the backgreund measwemens due to pseudo-random atrors n the background measwrement.  This
parameter must tien be coreeted for additiotial attenuation in the target matris that would have heen
encountercd in the FOV of the Joregeound measarement.  (This is 2 situation-specifc cotrection as
discussed i Sect 2.2 of (his document.) This component of TMU will be combined with background
and foreground counting etvors m quadraturg as fallows:



The eorrected count rate [or observation ol & pipe or odther obgect inoan area megsorement iy
CURE={As - Ak T - (B — B (Tu*n) {5.t7
where,

C Ry i the comrected vountt rate in RO 4

Ay s ihe teral (Toreground phus background ) counts in RECH 4

Aj s the toial (foreground plus background) counts in RO S

B4 15 the background counts i ROI 4

Bs s the background counts in RIS

T4 is the courting tome {or the tocal counts

Ty i the hackground counkng ine

I is the correction factor for attenuation by materials that anenuated the backstound during the
fhregrowd measurement (g, two pipe wall thicknesses b,

The varmace of the comecied count rate s
n:t[ g =4+ AT+ ButTuy - (B:~ 02258, + R.» AR2ISBLY . (e Tl (5 18}

This ervor will be propagated with oter randory preudo-tandemn errons o define the TMLU contribution
from backyrround measurements.

54.27  Computation of The Total Measurcmens Uncertainty

The varance m the caleulated value for U-235 will be the sum of 1he vinances of all the contributing
parsneters with random and pseudo-random crrors.

: : » . : :' : :
) 2 =0, Oy ~ 0y " Wilipy = Fy ~ Oy (5. 149)
whore,

s s The standsnd deviaton of the measored 1-235 calue.

y §s the conversion Bwctor from nel counts par unit e to grams of U-235, including deleetor
eiliciency, matnx artenualion. self-absomtion. and Ooite width point or line sowree correetion.

., and G-:lp.: are defined as zero for all but the dynanne measyremend techniguoe.
Mode that thes Fonmubatkon asanndes that counting shitistics during calibration are negligible.
The THAL wali thys be
TMU = (o)t + e 15.20)

and the 3% confidence level resale be the nominal measurement plos 645 times the TMU to got 950,
von fiddence moone-tled stanstics.
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55  LOWER LIMIT OF DETECTION AND MINIMLUM DETECTARLE AMOUNT

The Lower Limit of Dercction (LLDY &8 defined as the net signal level above which an observed signal
may be telinhly reeopnired as detected, whereas the MDA s dependeat upon ambicat interficrences in the
location of measarainent. Lower Limil of Detection and MDA arc inexiricably linked since LLIF defines,
for lack ol o better word, syswem nodse™ while MDA defines ambicot “motse™ that is abos e the identified
"noise” indigenous to the ipstrument, Lo o stable environment LD and MDA would by expected to be
identical; however, field measurements, pertormed inaita, are complicated by ambicnt factors thal cannot
be specifically aseribed 1o material heldup in the measurement location. A predominant influenee on the
MDA is ambicm backpround. For a typical in situ measurement, o back pround measurement s performed
in the general apca of the component wathont including the deposit being assayed. This i done
determine the conttibulion of gamma rays prescent within the deteotor FOY not aseribed w dhe deposin, In
sitn background measuwements are ned perfonned by removing the component or by repinang the
depusition of radicaciive material Irom the component. Cureenl in sity measuremants are performed io the
K-25 Bldg. where there is a sizeable background contribution due to the distribution of material holdop,

Although the sensilivity for nondestructive waste assay systoms is pencrally quoted as theee sigma aver
backgroumd, the more widely accepied approach is bascd on “Limis for Qualitiyve Detection and
Quantuative Determinaton”™ {Cwrie 1968), See alse “The Minimum Detectable Activity Concept™
(Lochawry  198%), “LEEE Transacuops on Nuclear Science™ (Walford, o al. 1971 and  EGE&G
Application Wote 1T {Lochamy 19811

From the position paper and the above references. vwo principal limiting levels aze defined:

(1) Decision Level or Crtical Level (I i—the net signal level above which an obscrved signal may be
relivbly recogmzed as detected.

(2} Lower Level of Detectica [Lyy--the lowest practical greerite that the instrument can routingly and
reliably detect, "Rowtine detection means that 1F the activity s equal to the detechon limit. the
instrment will report a detected resght al lease 93% of the time. but oot necessanby cqual w the
deteciion limat.”

For 2 95% confidence level for one-tailed statistics, the probability of incottect positive assumption
(Type T error, m} and an incormect non-detcction (Type [ emor, 1) ave sel ogual o 005, This was fhe
standard adopted by Manin Marvictta Energy Systems, Ine. at the time. The decision or erilical tevel
equation 15 bused on the maimum allowable value for o and the sandurd desiation of the net signal when
its limiting mean is zevo. The equation for the decision level is given by:

L-( =E»'..|"3:| {5.21}

w bt

k. = abseisza of the standardized normal distribution comresprnding to the probability level 1o
For 95% C] and on¢-tailed stutistics, k = 1.645:

oy = standard deviatan wheo the iminng mean of the net signal is oo

5-1%



The detecuen limit is based on the valoe determined far Lo, the maximum allowable valse for a Type I
ceror {1, and the standard deviation ol the net signal when the Timiting mean is ¢qual to Lo, The detection
limit equation ix defincd as;

L|} —L¢ _ku pLa Tt {'_‘21}

where,

ki = abwscizsa of the sundardized nermal distribution conesponding to the probability leved 1-p.
For 5% confidence Tevel and one-tailed statistics. k = 1645

ap; — standurd devianon when the [imiling mean of the net signal is Ly,
For the vase of an active assay in HMSS where the backeround is muwch greater than the net signal, the
variations in the standard deviations from a net signal of zero to Ly are sliglt, Therefore, the standacd
deviation of the net sipnal can be assumed constant, Lo, @, = op = @.
For the variapee of a mel sigaal given by:

1

o =al e, (3.23)
where.

a‘ffﬂ = variance of the “sample ~ blank™ signal;

J; = variance of the Mank signal;
this assumption resuls in the varlanes being cqual to cadce the blank variance or

o- =2

[

(5.24)

w

!

If the siandard deviation of the blank has been made neglizible duce 1o muliple obsorvations 25 in dhe case
of 11854, the vanance of the ner sigmal is simply cqual 1o the varianoe of the blank, For paireg
observations where the background is not known well, the standard deviation will differ from the case of
the well kiown biank by the square ool of two,

If the risk of 5% for 8 Type 1 or Type 1l crror s accoptable (93% confidence level for onc-tallcd
statistics), the following equations For the decision and detection limits are valid for active mcisuremens

in Hk154:

L= l.od5 J2-o0, {5.25)

Lp= 1645 +2-L, (5.26)
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For reportiong ehe results for HMSS MDA,

the LLEY B3 the comnts megsured by ihe detector whick are statistically measuntble above ihe background
counts, The LLD 15 dependant on the backzround measurement used for each location. The sum of
analysis pegk and the cominumun fiom the background spectrtwm is used o calewdate the LLD. Hsing the
fallowing cquation.

LLD = &7 + 2k,f2% (B, + Byy ) {5.27)
whiere,

K in 1.645 wlnch comresponds to a 95 % confldence level
B is the value of the analysis peak 1a background specorum

By 15 the volue of the continuum in the backeround spectium

Note also thal iy the case of component measurements using the arca souree algorithin, the backpround
mcasurements must be comected for the attenuation ol the arget component as deseribed 10 Fig, 23
before the LLD is caleylawcd.

The MITA 35 calculated wsing the LLD calewlated above, the count lime, and the correction (el lor the
atterination of the container wall. Uaing the fllowing eguation,

IF the sowrce type s o Poinr THEN,

LLDVER ®(CF  #p”
M = — war [ (5.25)

ELSE IF the source type 15 2 Line THEN,

D L3 S '_F. 13
A4 :Mv;;u £5.26]
I
ELSE IF the source type is an Arca TEHEMN,
LLDER *OF
MDA = : it {5.30)

whire,

LLL0 15 the counts calculated above

K. 15 the calibration constant fior a poiot, line or avea souree
Fis the counting time in seconds

CF 1% the comrection facwr for the wall material

# 15 the detector standott



[able % 8 defines a et of esis to detenmne MDA for point, ine and ared seorces un ehe low-backgrouond

laboratory enviroament

Table £8. LLTY test requirements

Performance Teat

Performance vlethod

Test Results

Establsh the Lower [ imif
of Detesction dor the
115 3¢ definesd m
Russo (Russo 2005) apd
ORM1 (DRMNL 2007

Lontirm operational readiness ot the detecior MO A pase

Llse @ suierazate component i s repiesentatie of the normal (aherapet
propritdacom of pape (earbon siee] schedule 403

Perform blank mersmicmenls

1

[

L'ibzinge an apprepriate derector helder ar hard ware appacatus
selip ) sctogake component that i pepresentative of actuak
micaslrement condiguca e o which the T4

ik renwetls are antiegated to be applied  Mode] the
measuTeredits &% 4 poail source by tollow ag FS0-WI-13

Bosation the HMS4 detector w epulate standard holdup
messurenient prolosals

Perborim 15 replicam mensereowsnts of (he mmogste
wonfigaration

U alowlate and repost the measured value Inclugde dhe RO
report for tull esaluation ot the data

Reanalvze measurements modeling 45 o hne and then a drea

¢ alculate and repont the measared value for both Hine and arca
ool Inclode the ROD repott tor {ull evaloaten of the data

Calealare Ly and |y 2~ descobed in Seer 33

Report “prostune’ Dhatvommient LLT angd gee calenlatons feem
Sevt 55 tp caloulate VDA

5-2
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6. QUALITY RECORDS

6.1 OQUALITY RECORDS GENERATED
The Chaulity Records fisted below, genevated under thes PTVYE, document tha both the mslitumen and

méthod are qualificd for speeific MDA micasurermeots.
6.1.1  Quatlity Records Tor Insirumeat Quallfication

» Diata sheets for all measurements. Data tabulated using the forms provided o this document or
other BIC formns wied 1o colleet calibration data.

s+ HMS4 Domp repart of all measurements. HWSL peneried Crysial Reports Dsting specific detals
of cach measuwrermnent 1aken, date, time e, including backgrounds and souree cheek acasuremends.

+«  HMS4 ROF report of all measurements, HMSA pencraled Crystal Reports showing number of raw
courts for alt five ROIs.

+  HME4 Analysis report of all measurements, HME4 senerated Crystal Reports listng specific
delails of backerounds, Foregrounds. finite source cortection faclors, sclf-attenuation cormections

factors, atd U-235 mass.

+  HMS54 totgms modified of all measurements. HMS4 geactned Crystal Reports [isting ocasurement
1D, rype of spurce, U235 mass, measured value, MDA and reported value with any uncertainty,

6.1.2  Qualily Records for Method Quallfication
v Data sheets for all measurements. Data tabulated using the forms provided in this Jocument,

»  HMES4 Dump report of 2]l measurements. HM54 penerated Crystal Reports Listing specitic details

of cpch mensurement takon, date, time ete, including backgreunds and sourve check megsurements

«  HMS54 RO report of all messurements. HMS4 generaed Crysial Reports showing number of raw
counts for all Ave RO,

s HMS4 Analysis report of all measarements. HMS4 geperstcd Crystal Reports listing specihe
details of backgrounds, beeegrounds, fmite souwrce cormedtion factors, self-attenmation cortectinms
factors, and 1-233 mass.

+  HMS4 totgms modified of all measurements. HMS4 gonerated Crystal Reports Listing mcaserement
I}, wpre oF sowrce, ©-235 mass, measured value, MDA and teportel value with any upceriainty,

6.2 QUALITY RECORDS MAINTEMANCE REQUIREMENTS

Maintain recerds im accordanee with BIC-05- 1001, “Reconds Management Including Document Comral™
{BHC 20K,
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8. SOURCE DOCUMENTS

Principal cimissions and primory data for L2234, U-235, and 1-23%

Amenuation Daty for Steel andd Licaninn

Dhatection Elftciency Bata for Na CFD Crystal 005 inches thick and 10 mch dianeter
Example Calibravon Test Hepon

Example Measurament Test Repot

FRG-WI-13, HMS4 Holdup Measurements

BIC-DE-0716, "NDA Traming and Qualification™

BHC-KI-H311, “NDA Data Qualily Asiessment for Lthe K-25K-27 D& Projest”
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