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Abstract

X-ray fluorescence (XRF) has proved to be a feasible method of measuring
the pressure of UF6-gas for enrichment verification purposes. Complications
will arise under extreme conditions, such as high uranium deposit to gas
ratios, pipe diameters smaller than 40 mm and pressures less than 100 Pa.
This report presents an experimental analysis of the XRF method for design
worst case conditions for 42 outer diameter cascade-to-header pipes and the
development of a prototype measurement device. This prototype is integrated
in the construction of the enrichment verification system.
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1. INTRODUCTION

The Safeguards approach to be applied to Gaseous Centrifuge Enrichment
Plants has been determined in the Hexapartite Safeguards Project, which was
concluded in 1985. For the cascade area, a regime of Limited Frequency
Unannounced Access inspections was adopted. Part of this regime may be
enrichment verification of product UF6 gas by means of a Non-Destructive
Assay go/no go technique. This spot NDA has to be performed on the
cascade-to-header product pipes.

The Cascade to Header Enrichment Meter (CHEM) presently developed at
ECN is suitable for aluminum pipes of outer diameter 42 mm (inner diameter
36 mm). Such cascade-to-header pipes are present in the enrichment plants in
Almelo, The Netherlands, and Gronau, Federal Republic of Germany. The 42
mm pipes present the worst measurement conditions. The device is therefore
in principle also applicable to other diameter pipes, although mechanical
adaptations specific for the pipe diameter and the pipe orientation are
necessary. The mechanical part of the present device is specific for 42 mm
pipes and the device is therefore indicated as CHEM42.

1.1 Scope of this work

The enrichment verification measurement has to confirm the production of
LEU UF6-gas, or more specifically, the operator declared enrichment. A
gaseous centrifuge enrichment plant should only produce low enriched UF6-
gas (Low Enriched Uranium, LEU). This is UF6-gas with an uranium
enrichment < 20%. High enriched UF6-gas (HEU) has a uranium enrichment
> 20 %. The declared enrichment is less than 5% in practice.

The uranium enrichment is defined as: the ratio of the combined weight of
the isotopes U-233 and U-235 to that of the total uranium in question.
Natural uranium consists of 0.7% U-235, 99.3% U-238 and minute quantities
of U-234. Only U-235 and U-238 are therefore taken into account.

The basic principle of the verification is the measurement of the total amount
of U-235 in the gas, and the total amount of uranium in the gas. The
enrichment is the ratio of these two values. The first quantity is determined
by measuring the strong U-235 186 keV y radiation. The intensity of this
radiation is proportional to the total amount of U-235 in the pipe.
Because U-238 has a large half-life and no strong y-lines, another method has
to be found to determine the second quantity. A non-destructive pressure
measurement system is suitable for this, since the gas pressure is proportional
to the total amount of uranium in the gas. The development and design of the
pressure meter for CHEM42 is described in this report.

1.2 Uranium deposit

Under practical measurement conditions, the verification of the uranium
enrichment of the UF6-gas by the CHEM is complicated by the presence of a
uranium deposit on the inner pipe wall. This is formed by chemical reactions
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of the UF6-gas with impurities in the gas, such as water, and in the surface
layer of the pipe wall, such as aluminum oxide and aluminum hydroxide. The
reaction products are non-volatile and will deposit on the inner pipe wall.
The passive 186 keV y-ray measurement will unavoidably suffer a
contribution in the signal because of this deposit. This is an unwanted
contribution because only the amounts of U-235 and U-238 in the gas are of
interest. This leaves the total 186 keV signal worthless for large deposit to
gas ratios.

A solution to the problem of extracting the contribution from the gas to the
186 keV signal, is offered by the Two Geometry Method (TGM). This
method, that is adopted for the passive 186 keV measurement, makes use of
two detectors that are part of a configuration with different detection
efficiencies for gas and deposit [1]. The Two Geometry Method is discussed
in chapter 2.2.3.

The existence of the uranium deposit may also disturb the pressure
measurement. The different methods to measure the pressure that are
presented in chapter 2, will therefore also be evaluated on this point.

1.3 Design worst case measurement conditions

The CHEM42 should perform a LEU/HEU verification within the following
measurement times:

• For the pressure measurement: 10 minutes;
• For the 186 keV measurement: 30 minutes on average.

These design requirements are specified for the design worst case conditions,
which are defined as:

• A gas pressure of 60 Pa;
• A ratio of U-235 activity in deposit to activity in gas of 20;
• Cascade-to-header pipe dimensions of 42 mm outer and 36 mm inner

diameter;
• A gas enrichment of 3% and a deposit enrichment of 2%';
• A false alarm probability a of \%, and non-detection probability p of

10%.

'This implies a ratio of total uranium in deposit and in gas of 30.
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2. SURVEY OF MEASUREMENT METHODS

In this chapter some methods for measuring the pressure of UF6 gas will be
discussed. These methods are non-intrusive, i.e. do not require access to the
gas inside the pipe. The options are :

• Gamma-ray transmission measurement;
• X-ray fluorescence;
• Coherent (or elastic) scattering.

2.1 Gamma-ray transmission measurement

A photon transmission measurement is a possible method for measuring the
gas pressure in cascade-to-header pipes. The pipe is irradiated with an
external y-ray beam from for example a radioactive source. The UF6-gas will
absorb a portion of this radiation. This absorption is linear with the gas
pressure for low pressures and not to thick diameters.

A major problem of this method is the presence of the deposit on the inside
of the pipe wall: the deposit will also absorb a portion of the radiation. This
is especially important in the case of large deposit-to-gas ratios. In such
cases, the transmission measurement is only possible if the deposit thickness
is known sufficiently accurate.

A second problem is the absorption of the radiation in the pipe wall. This
fraction is constant but very large compared with the absorption by the gas.
This problem will increase for smaller pipe diameters and lower gas
pressures.

Both problems are serious in the case of the 42 mm cascade-to-header pipes
under consideration, and prohibit application of y-ray transmission. The
transmission measurement principle will therefore not be discussed further.

2.2 X-ray Fluorescence

A promising method for measuring the amount of uranium in the UF6-gas, is
X-ray fluorescence (XRF). Uranium atoms emit characteristic X-rays when
ionized by for example an external y-ray source. The intensity of these X-rays
is linear with the total amount of irradiated uranium.

2.2.1 Uranium X-rays

The principle of the XRF measurement, the linearity of the X-ray intensity
with the amount of irradiated uranium, holds for each individual X-ray. Both
the U K X-rays, and the L X-rays can be measured. The y-radiation that is
used for XRF of a given atomic shell should have an energy above, but as
close as possible to, the ionization energy of that shell. For the uranium K
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and L shells, this requires 7-radiation with an energy above 115.606 and
21.759 keV respectively.

The U L X-rays have such low energies that a considerable amount is
absorbed in the aluminum pipe wall. No standard mono-energetic y-sources
are available with energies close to the U L-edge: an X-ray tube could be
considered. Another problem that arises with L XRF is that the energy region
of interest will be crowded with X-rays of other elements, such as the Pa and
Th La, Lp and Ly X-rays, Pb Ly X-rays and Cd Ka X-rays.

Because of these problems, the principle of measuring the U L X-rays for the
XRF pressure measurement is not adopted. The U K X-rays can be divided in
the Ka and the Kp X-rays. These X-rays are listed in Table 1. When only the
relative abundances are considered, the Ka X-rays would present the best
measurement signal.

Table 1. Uranium X-rays.

X-ray Identification

1/- J/- T

a. 2 ^ ~ 11

\r V T
Iva | Iv - l-fH

Kp3 K - M,,
Kp, K - Mm

Ke2/I K - Nn

K K - N
K K D
rvg2/3 I v WII
K K - D
^ ( 5 2 / 4 "• *—'ill

Energy
[keV]

94.658

98.436

110.425
111.302

114.333
114.561
115.341
115.411

Relative
abundance

62.6

100

11.5
22.4

2.89
5.83
2.07
2.07

Source

2.2.2 XRF measurement method

The uranium K X-ray
fluorescence signal is
generated by irradiating
the pipe with a suitable
y-source, for example
Co-57 (122 keV). It is
unavoidable that both gas
and deposit will be
irradiated. When detector
and source are properly
collimated, the uranium
in the deposit will not
directly contribute to this
signal. This is sketched
in Fig. 1: the irradiated
section of the pipe, as
seen by the detector,
only contains gas.

Lead collimators

Detector

Fig. 1. Cross-sectional view of the XRF setup.
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Survey of measurement principles

Two undesirable contributions to the signal must be accounted for: self-
fluorescence of uranium, mainly caused by the y-radiation of U-235, and
fluorescence of the deposit caused by scattered source photons. This means
that the deposit will be detected indirectly. The first contribution varies with
the deposit and gas enrichment, the second contribution with the uranium
deposit thickness.

The following properties of the U K XRF method are of interest :

1» The XRF signal does not suffer a direct contribution from the deposit.

2» The method is uranium-sensitive only.

3* In the energy region of interest (< 120 keV), a strong background radiation
is present, consisting of source photons which are Compton scattered in the
gas. The reason for this is that a suitable source emits radiation with an
energy somewhat higher than the X-ray edge of interest. For example, the
Co-57 122 keV y-ray energy is near the 115.6 keV uranium K-edge. The
amount of energy transferred due to the Compton effect, depends on the
scattering angle.

The expression for the photon energy after Compton scattering is:

hv
hv' =

1 +
hv (1)

-cos0)

source

hu', hv, moc
2 and 0 are resp. the secondary photon energy [keV], the primary

photon energy [keV], the electron rest mass (511 keV) and the scattering
angle.The angle between source and detector should be chosen in such a way
that the background under the X-ray line of interest is low.

4« Scattered high energy
photons can cause
fluorescence in that area
of the deposit that is seen
by the detector. This is an
unwanted, indirect
contribution to the XRF
signal that cannot be
collimated against. If this
systematic error proves to
be significant, for example
in the case of large
deposit to gas ratios, a
correction is in order.

c: Compton scattering

f: fluorescense

Fig. 2. Sources of spurious deposit signals.

Fig. 2 shows two
possible photon paths
(1,2) that lead to the
detection of the deposit.
Both paths start with Compton scattering in the aluminum pipe wall and
end with detected X-ray fluorescence in the deposit.
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Using eq. (1), the maximum scattering angle that still leaves the secondary y-
ray enough energy to ionize the uranium K-shell can be calculated. For the
Co-57 source, regarding the uranium K X-rays, this results in:

• 122.06 keV : maximum scattering angle 40°;
• 136.47 keV : maximum scattering angle 71°.

The paths indicated in Fig. 2 both have a scattering angle of 45°, so only the
136 keV radiation is of concern. It is, however, not difficult to see that in this
configuration, but for other photon paths, the 122 keV line will also
contribute.

2.2.3 Two Geometry Method

The Two Geometry Method (TGM) has originally been developed for the
passive 186 keV measurement. To distinguish the contributions from the gas
and from the deposit to this signal, two detector collimators are used with
different efficiencies (e) for gas and deposit. The TGM device as developed
by ECN is sketched in Fig. 3.

/'

Depositcollimator ; , _
Gascollimator

Fig. 3. Cross-sectional view of the DUAL collimator.

The gas contribution to the 186 keV signal is calculated from a set of two
linear equations. The measured counting rates rl en r2 are expressed in the
U-235 activities aG of the gas and aD of the deposit:

10 ECN-C--95-O78



Survey of measurement principles

If the activities of the gas and the deposit are represented as linear activities
[Bq/m], then the absolute efficiencies £t are expressed in m/s.Bq. Indices 1
and 2 denote the gas and deposit collimator respectively. From equations 2
and 3 one obtains the gas activity:

a = —f£-J !£_£- (B9jj (4)
P P — P P
tlG-t2D t'Wt'2G

The Two Geometry Method could also be applied for the XRF measurement
in order to eliminate a possible deposit contribution to the XRF-signal (see
section 2.2, point 4). Both gas and deposit will be irradiated and detected.
The feasibility of this method had to be established practically.

2.3 Coherent scattering

In coherent scattering, a photon is deflected by the atomic electrons without
transfer of energy. This process can be applied for pressure measurement: y-
rays emitted by an external source scatter from the gas under a small angle
and the y-ray intensity at the primary energy is measured. When the source
and the detector are properly collimated, the measured y-ray intensity is
supposedly linear with the gas pressure.

For small photon energies, scattering material with high atomic number Z,
and small scattering angles, the cross section for coherent scattering is
maximal. Fig. 4 illustrates this for lead. Under these circumstances this
process even dominates over Compton scattering. The figure will not change
fundamentally for uranium.

When using a mono-energetic source, the background radiation caused by
Compton scattered source photons will always be of lower energy than the y-
line itself. So, theoretically, it should be possible to minimize the background
by choosing an adequate y-source.This phenomenon presents a way to
measure the pressure of the UF6-gas. A line-up as sketched in Fig. 5 is
suitable to measure the UF6 gas pressure with the help of coherent scattering.

The following properties are of concern to evaluate this method :

1 • The cross section for coherent scattering is only sufficiently large for small
scattering angles (< 10° ).

2» Besides coherent scattering, Compton scattering will occur in the gas as
well. Because of the small scattering angle, these Compton scattered photons
can contribute to the Co-57 122 keV full-energy peak. Assuming a window
of 3 keV, necessary in practice to determine the peak area, the minimum
average scattering angle that separates full-energy peak and Compton

ECN-C-95-078 11
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10

10' 102

Photon Energy (keV)

104

Fig. 4. Atomic cross sections of lead.
Photo electric ejection
Coherent scattering

Compton scattering
Pair production.

background can be calculated with help of eq. (1). For 122 keV this angle is
20°. For a constant window of 3 keV, this angle increases with decreasing
photon energy, for example 40° for Am-241 59.5 keV. In reality, the
resolution of the detector will improve for decreasing photon energy, so the
energy window will be somewhat narrower. This improvement in detector
resolution is not enough to significantly change these results, though.
Measurements have to establish the seriousness of this problem.

3* The source and
detector have to be
properly collimated to
avoid detection of the
deposit. This will lead to
only a small portion of
the gas (indicated by the
shaded area in Fig. 5)
being allowed to
contribute to the wanted
signal, that is, both
irradiated by the source
and seen by the detector. Fig. 5. Coherent scattering measurement setup.
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3. CHARACTERIZATION OF CO-57
SOURCE AND CALIBRATION PIPES

In this chapter spectra are presented of the Co-57 source and various testpipes
measured in the laboratory and of cascade-to-header pipes measured in-field.

3.1 Cobalt-57 Source

3.1.1 Specifications

In the XRF experiments a Co-57 source obtained from Amersham
International, has been used. The source is enclosed in a circular steel
packing which also contains a tungsten shielding (X. 10/2 capsule). A profile
of the capsule is sketched in Fig. 6.

Stainless steel 316L

4.2

8

Tungsten alloy :

Tungsten 90 - 93 %
Nickel 5 %
Copper 2 - 5 %

Active foil

Fig. 6. Source dimensions [mm].

The active foil consists of Co-57 electroplated on a thin metal carrier. The
thickness of the steel window in front of the foil is 0.20 - 0.25 mm. Besides
the isotope Co-57, the source also contains two other cobalt isotopes: Co-56
and Co-58. The specified and measured activities are listed in Table 2.
From these activities the concentration of Co-56 is calculated as 0.23 %.

Table 2. Source activity.

Stated Co-57
activity on
20-07-94

370 MBq
(-0, +25%)

Stated maximum
concentration of
Co-56 + Co-58

+ Co-60

< 0.3%

Measured
Co-57 activity
20-07-94

351 MBq
(5%)

Measured
Co-56 activity
20-07-94

127 kBq
(5%)

ECN-C-95-078 13
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Fig. 7. Co-57 source spectrum measured with absorber between source and
detector (see text).

3.1.2 Spectrum

The source spectrum is shown in Fig. 7. The measurements were done with a
2.2 mm thick lead slab placed between source and detector, to reduce the
count rate of the detector. The background radiation in the laboratory was
insignificant compared to the source radiation; only K-40 is clearly visible.

The origins of some major lines below 1 MeV are indicated. The main Co-57
y-line is at 122 keV which is close to the K-edge of uranium (115.606 keV).
Above 1 MeV no indication is provided since almost all lines are from Co-
56.

Table 3. Nuclear data of the main cobalt isotopes in the source [2].

isotope

Co-56

Co-57

Co-58

y-ray energy
[keV]

511.00
846.812

1037.879
1238.317
1771.51
2598.57
3253.60

122.0612
136.4730
691.982

511.00
810.791

abundance
(%)

48.0
99.9
14.1
67.0
15.5
16.7
7.4

85.5
10.69
0.158

30.0
99.5

half-life

77.7 d
±0.5

271.77 d
±0.05

70.916 d
±0.015

mode of
decay

K-capture,

K-capture

K-capture,

14 ECN-C-95-078



Source and pipe spectra

Gamma rays above the threshold for pair production (> 2moC2 = 1022 keV) in
principle give rise to three peaks, due to the escape of one or both of the 511
keV annihilation photons. For example the Co-56 2599 keV y leads to a
single escape peak at 2088 keV and a double escape peak at 1577 keV
(indicated in Fig. 7 with symbol ~).

The contaminant Co-56, which emits high-energy photons (0.5-3 MeV), is in
particular troublesome for radiation protection. A manageable lead shield
decreases the intensity of this radiation insufficiently. The presence of Co-56
also leads to an increase in background counts. A list of the main y-lines of
the different isotopes is presented in Table 3.

3.2 Calibration pipes

Measurements for development and design tests were done with five available
calibration pipes:
1. A LEU "gas pipe" filled with 3.979 % enriched UF6-gas (gas pressure

5200 Pa). The amount of deposited uranium on the pipewall is negligible.
2. A HEU "foil pipe" coated with a foil of aluminum-uranium alloy. The foil

contains 5 wt% uranium with an enrichment of 93.1%.
3. An evacuated LEU "deposit pipe" with a LEU deposit on the inner pipe

wall.
4. A bare pipe in free contact with air.
5. A bare pipe that can be evacuated.
More detailed characteristics are presented in Appendix D.

4

o
o

0 20 40 60 80 100 120 140 160 180 200 220

Fig. 8. Relative efficiency curve.

3.2.1 Efficiency curve

A necessary tool to analyze the spectra obtained with the DUAL collimator,
is a relative detection efficiency curve. Such a curve could be made for the
HEU containing foil pipe, by means of internal calibration (use the emitted

ECN-C-95-078 15
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y-rays themselves and correct the counting rates for the absolute abundances).
It was not possible to construct a reliable efficiency curve for the LEU
containing gas pipe. Fig. 8 shows the relative efficiency curve for deposit
measurements with the N2 detector (see Appendix A for detector
specifications) and the gas part of the DUAL collimator. In obtaining this
curve, U-235 (205,202,195,186,163 and 143 keV) and Th-231 y-rays
(102,82,58 and 26 keV) have been used, assuming secular equilibrium. These
isotopes are the most suitable with the HEU foil. The errors in the points,
indicated in Fig. 8, are due to counting statistics and the uncertainty in the
stated abundances.

3.2.2 Spectra

Fig. 9 and 10 show y-ray spectra from the gas and foil pipe, respectively. For
comparison, also a spectrum measured in-field is shown in Fig. 11. All
measurements were done with the N2-detector coupled to the gascollimator of
the DUAL collimator. The spectra of the calibration pipes were measured in
the laboratory during 24 hours. The in-field spectra were measured in
September 1994 in a series of short measurements. The spectrum shown in
Fig. 11 is the sum spectrum of all spectra measured during this campaign
with a total counting time of 17500 s. The operator declared enrichments
were below 5%. More detailed spectra are shown in Appendix E.

3.2.3 Analysis of foil pipe spectrum

Counting rates of the major y-rays of the foil pipe are presented in Table 4.
Uncertainties refer to one relative standard deviation (RSD) and are expressed
in percent. The measurement time was 24 hour. The most characteristic
features of the foil pipe spectrum are discussed below.

Table 4. Foil pipe counting

Energy
[keV]

63.29

89

93

120.912

185.715

rates.

Identification

Th-234 y

doublet

multiplet

U-234 y

U-235 y

Abundance
%

4.47

-

-

0.041

57.2

±0.88

± 0.004

±0.5

Measured counting rate
[s1]

0.02232 15%

0.07285 5.2%

1.3942 0.46%

0.22738 1.3%

12.316 0.10%

3.2.3.1 The Th-234 63 keV 7-line

This line is very weak because the foil contains HEU. The Th-234 92.4 and
92.8 keV intensities cannot be determined because of interference from the
much stronger Th Kal X-ray intensity at 93.4 keV. This pipe is therefore not
suitable for Th-234/U-238 calibration.

16 ECN-C-95-078



Source and pipe spectra
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Fig. 9-11. X-ray region of y-ray spectra of foil pipe (top), gas pipe (middle),
in-field (bottom).
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3.2.3.2 The 93 keV multiplet

The Th Kal X-ray at 93.4 keV is mainly produced by U-235 internal
conversion with an absolute abundance of 5.5 ± 0.3 [2], Other literature
sources do not mention this line, or present abundances down to 2.5. Table 5
gives estimates of the different contributions to the 93 keV multiplet obtained
with the help of the efficiency curve Fig. 8. The ratios of the 93 keV/63 keV
and 93 keV/186 keV efficiencies are respectively 1.123 (5% RSD) and 1.396
(5% RSD). Hence the 93 keV multiplet consists of basically two X-rays (Pa
Ka, and Th Kal) generated after internal conversion of resp. Th-231 and
U-235.

Table 5.

Energy
[keV]

93

92.279

92.35

92.78

93.350

Analysis of the

Abundance

-

0.39

2.72

2.69

5.50

8%

2%

2%

5%

95 keV multiplet from the foil pipe.

Ident.

multiplet

PaKa2

(Th-231)

Th-234 7

Th-234 7

ThKa ,

Measured count
rate [s1]

1.3942
0.46%

Calculated count
rate [s1]

0.1172

0.01524

0.01508

1.6531

15%

36%

36%

11%

3.2.3.3 The doublet at 99 keV

This doublet consists of the U Kal X-ray and a Th-231 y-line. Knowledge of
these contributions is of interest for the XRF experiments, both for laboratory
and in-field measurement conditions. To obtain the U Kttl self-fluorescence
count rate a correction has to be performed for the Th-231 line, for example
with the U-235 186 keV y and the relative detection efficiency curve,
assuming secular equilibrium. The efficiency ratio obtained from Fig. 8 is
1.36 (5%). The results are listed in Table 6.

Table 6. Analysis of U-235 self-fluorescence in the foil pipe.

Energy
[keV]

99

99.28

98.436

Identification

doublet

Th-231 7

U Kal self -
fluorescence

Abundance

0.120 6%

Measured
counting rate

ts 1 ]

0.07285
5.2%

Calculated
counting
rate [s"1]

0.03514
6%

0.03771
11%
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Source and pipe spectra

3.2.4 Analysis of the gas pipe spectrum

Some counting rates of the gas pipe are listed in Table 7. Note that the
Th-234 63 keV 7-line is relatively strong because of the LEU gas. The
Th-234 92.4 and 92.8 keV 7-lines are disturbed by the Th Kal X-ray at 93.4
keV. This X-ray is mainly due to internal conversion. The contribution of the
Th-234 Y-lines to the 93 keV intensity, estimated from the measured 63 keV
counting rate, is 0.203 s"' (25%).

The strong Th-231 26.64 keV 7-line is disturbed by the 26.06 and 26.10 keV
Cd KB31 X-rays. The cadmium X-rays are due to XRF. Both the Nl and N2
detector have a shielding of lead and cadmium (see chapter 3.2). An extra
layer of copper could solve this problem.

Table 7. Gas pipe counting rates.

Energy
[keV]

63.29

93

98.436

185.715

Abundance

4.47

-

-

57.2

Identification

Th-234 7

multiplet

U Kal X-ray

U-235 7

Counting rate
[s1]

0.1492 1.3%

0.2546 1.4%

0.0173 12%

0.6661 0.61%

3.2.5 Analysis of the in-field spectra

The in-field spectrum is characterized by the prominently visible U-235 186
keV Y-line and the Pb Ka X-rays at 72.8 and 75.0 keV. Some counting rates
for the gas and the deposit detector are listed in Table 8. The values are
calculated from the addition of gas and deposit spectra respectively.

Table 8. Counting rates of in-field y-ray spectra.

Counting rates
[s1]

Gas det.

Deposit det.

Th-234

0.03714

0.02931

63

7

9

keV

.8%

.9%

93 keV

0.04269

0.04491

multiplet

7.7%

7.2%

U-235 186
keV

0.07777

0.08434

6.

5.

1%

8%

Fig. 12 shows the entire sum spectrum for measurements with the gas
detector. The Pa-234m lines originate mainly, next to the contribution from
the U-238 in the measured pipes, from the decay of U-238 in feed-pipes in
the cascade hall etc. These high-energy photons have no difficulty in passing
the Pb shielding.

The Th-234 63 keV y-ray suffers no interference from neighbouring photo
peaks. The 63 keV 7-ray signal would therefore be suitable for measuring the
amount of U-238 in the pipe, if secular equilibrium between U-238 and
Th-234 can be assumed.
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0 100 2 0 0 3 0 0 4 0 0 6 0 0 6 0 0 7 0 0 6 0 0 9 0 0 1000

Fig. 12. Total view of gas detector spectrum.

The Th-231 84.2 keV 7-line overlaps with the Pb Kfl3, X-rays at 84.45 and
84.94 keV. These Pb X-rays contribute for more than 60% to the total 84
keV peak intensity. It is possible to extract the Th-231 signal by correcting
for the Pb KB3, intensities, for example with the help of the Pb Ka2, X-rays.
This method requires well known relative abundances and detection
efficiencies and is not likely to be very accurate. Avoiding the Pb X-rays
would require replacement of lead as the DUAL collimator material; for this
tungsten is the only viable alternative. The construction of the DUAL
collimator out of tungsten would increase both weight and production cost.
Keeping the lead as main collimator material, suppression of lead X-rays
would require integration of the lead in a sandwich with cadmium and
copper. This is not practical due to the construction of the DUAL collimator.
The Th-231 84 keV "/-ray is therefore not useful for estimating the amount of
U-235 in the pipe.

The 93 keV multiplet consists of three peaks: the photopeaks of two Th-234
y-rays and the Th Kal X-ray. This X-ray is mainly generated by internal
conversion following U-235 decay.

The U Kal at 98 keV is not observed. Hence self-fluorescence of uranium by
the U-235 186 keV y-ray, either from the gas or the deposit, is negligible.
Also uranium fluorescence caused by high energy photons penetrating the
lead shield (see the spectra in Appendix E), is negligible.

The U-235 186 keV y-line is relatively strong and there are no problems in
measuring its photo peak area due to neighbouring peaks or high background.
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4. EVALUATION OF METHODS

This Chapter describes the selection of the optimum method for the UF6

pressure measurement from the candidate methods discussed in Chapter 2.
The primary selection criterion was: minimum total measuring time for a
LEU/HEU decision. Also the possibility for performing pressure measurement
and 186 keV measurement simultaneously was to be considered from this
viewpoint. Several experiments were done to obtain the performance data
necessary to support in the selection process.

4.1 X-Ray Fluorescence

4.1.1 U Ka or U Kp X-rays

With respect to the XRF principle only K-XRF is considered, L-XRF being
discarded in Chapter 2. Both the U Ka and the U Kp X-rays can be measured.
The Ka X-rays are stronger than the Kp X-rays, but this is not the only
criterium to decide upon: also the background at the photopeaks is important.
The precision in the calculated photo peak area will improve for decreasing
background. For small peak-to-background ratios, the error in the net peak
area due to counting statistics, is proportional to the square root of the
number of background counts. An algorithm to calculate the photo peak area
is discussed in Appendix B.

Compton scattered source photons dominate the background in the energy
region of interest. The structure of this Compton background is a function of
the scattering angle (see eq. (1)).

In order to arbitrate between measurement of the U Ka and measurement of
the U Kp X-rays, two measurement setups were used, denoted as Setup A and
Setup B and sketched in Figs. 13 and 14. As can be seen from these figures,
collimation is more critical for smaller source-detector angles. The detector
collimator or the source collimator opening must decrease to avoid direct
detection of the deposit. This leads to a smaller amount of irradiated gas and
therefore a weaker XRF signal.

Gas pipe

Source

Detector
*v s s ss v / s s / s sv

Detector

Fig. 13. Measurement Setup A. Fig. 14. Measurement Setup B.
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Fig. 15. Spectrum with setup A (50°).
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0 26 60 76 100 126 160 176 200
Energy (keV)

Fig. 16. Spectrum with setup B (115°).

Fig. 15 and 16 show spectra taken with Setup A and B, respectively. The
measurements were done with the N2 detector on the gas pipe; the
measurement time was 10 minutes. Source and detector collimator apertures
were resp. 6 and 5 mm for Setup A, and 10 and 10 mm for Setup B.

Setup A (50°) is suitable for measuring the U K6 X-rays at 111 keV. Because
of the average scattering angle of 130° the Compton structure can be found at
88 keV. This leaves the U KB photo peaks on a flat background. The high
background level in the energy region above 110 keV is caused by scattering
of high energy photons in the lead shields.
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With respect to Setup A and using the U K6 X-rays, two main problems
become clear. First, the detector must be positioned close to the source to
permit small source-detector angles. This leads to an increase in background
counts and problems with the positioning of the detector because of lack of
space. Second, the small source-detector angle leads to only a small section
of the gas being irradiated. The XRF signal is therefore weak.

Setup B (115°) presents the optimal source-detector angle for measuring the
U Ka X-rays. These X-rays are situated between the two Compton structures
because of the average scattering angle of 70°.

The choice between Setup A and Setup B is to be based on the relative
uncertainty 5 in the net measured peak areas. As already stated above, this
uncertainty depends on the peak intensities and the peak-to-background ratios
(P/B) for the measurements with Setups A and B. The results are:

• Setup A (U Kfi X-rays) : 5 = 8%, P/B - 3;
• Setup B (U Ka X-rays) : 8 « 2%, P/B « 1.

It is therefore concluded that U Ka XRF with Setup B is most suitable for
application of the K-XRF principle.

4.1.2 XRF-TGM

Two problems arise when applying the Two Geometry Method (TGM) with
the standard ECN DUAL collimator for the XRF-pressure measurement. First,
the U Ka X-rays are difficult to extract from the background. Second, both
detectors suffer from a high counting rate, resulting in dead time corrections
up to 25%. This followed from experiments described below.

Source
Gas pipe

Depositcollimator
Gascollimator

Deposit detector Gas detector

Fig. 17. Measurement Setup C. Fig. 18. Measurement setup D.

XRF-TGM measurements with the DUAL collimator were performed for two
source positions, denoted as Setup D and D and shown in Figs. 17 and 18. In
Setup D the DUAL collimator is part of the source collimator. In Setup C the
source positioning resembles that of the optimum K-XRF measurement Setup
B (Fig. 14), but the DUAL collimator is not part of the source collimator (the
latter is not shown). The Nl detector was used for all measurements. All
measurements were done with the gas pipe and lasted 10 minutes.
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Fig. 19. Spectra gas and deposit collimator (Setup C).

4.1.2.1 Setup C

The spectra measured in Setup C are shown in Fig. 19. The source collimator
opening was decreased in order to minimize the dead time of the detectors.
The dead times were now acceptable (4% at the deposit collimator and 1 % at
the gas collimator). However, the K-XRF signal was more than halved and in
the spectrum of the deposit detector, the U Ka signal can no longer be
separated from the background.

However, these spectra also show that it is possible to use the gas part of the
DUAL collimator for the XRF measurement. With respect to Setup B (Fig.
14), the optimum configuration for U Ka XRF, the XRF signal is halved and
the background is nearly the same. Thus one has to measure twice as long
with Setup C as with Setup B for the same precision in the XRF signal. On
the other hand, time will be saved since during rearrangement of the
measurement setup from XRF to TGM measurements, the DUAL collimator
can remain in place. We will return to application of Setup C in Chapter 5.

4.1.2.2 Setup D

Results for Setup D are shown in Figs. 20 and 21, respectively for the gas
collimator and the deposit collimator. For Fig. 20, the average scattering
angle of detected y-rays from the Co-57 source is 40°. The discrete
photopeaks at 122 and 136 keV are due to Co-57 y-rays, coherently scattered
in the lead collimators and the aluminum pipe wall. The broad structures at
116 and 128 keV are due to Compton scattering of the 122 and 136 keV
source radiation in the pipe wall.
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Fig. 20. Spectrum gas collimator (setup D).

20 40 60 80 100 120 140

Fig. 21. Spectrum deposit detector (Setup D).

In Fig 21, the U Ka X-rays are not visible because of the Compton structure
at 90 keV. This structure corresponds to an average scattering angle of 110°.

The dead time corrections at the gas and deposit collimator were resp. 8%
and 15%. The counting rate at the deposit collimator is larger than at the gas
collimator, because a larger area of irradiated pipe wall is seen, and because
the source is closer to the deposit detector.
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It is therefore concluded that:

• Because of the extensiveness of the Compton structures, it is not
possible to position the source in such a way that both detectors obtain
a clean signal simultaneously.

• The Two Geometry Method for separating gas and deposit signals is not
suitable for the XRF measurements. The fact that a part of the irradiated
pipe wall is directly seen by the detectors, results in an unacceptable
increase in background radiation due to Compton scattering.

4.2 Effect of Co-57 source on 186 keV measurements

Above it was shown that the DUAL collimator can be used also for the
pressure measurement, by applying the gas collimator as detector collimator
and integrating the Co-57 source collimator with the existing DUAL
collimator. This is desirable, because it will save time for setting up the
measurement arrangement. Further time savings could be obtained if the
shielded Co-57 source could remain in position during the 186 keV
measurements.

Fig. 22 shows the spectrum of the Nl-detector coupled to the deposit
collimator in Setup C with shielded Co-57 source and the dummy pipe-
section (air-filled). For comparison also a background measurement of the
dummy pipe-section with the source removed is shown (the "reference
spectrum"). Both measurements were of 500 s duration. The source shutter in
the first measurement was a 2 cm thick lead slab. Almost identical spectra
were obtained with the gas detector. The background radiation in the
laboratory itself did not change significantly. The level at 186 keV in the
"reference" spectrum is comparable with that for an in-field 186 keV TGM
measurement.

As shown in Fig. 22, the shielded source increases the background level at
186 keV by over a factor of ten. This is due to high-energy photons
penetrating the lead shields. The strongest single contribution is from the
Co-57 692 keV line (i1/2 = 271.77 d). The relatively rapid decay of Co-56, (T,/;
= 77.7 d), which also emits high-energy y-rays, will therefore not affect the
situation. An increase in the 186 keV background level by a factor of ten
would imply more than doubling of the uncertainty in the TGM measurement.

Since no deterioration in the performance of the 186 keV measurement can
be allowed, the Co-57 must be removed during these measurements. This
result obviously also excludes simultaneous pressure and 186 keV
measurements.

4.3 Coherent scattering

Several measurements were done with setups as shown in Fig. 5 (Chapter 2)
on the gas pipe. The spectrum for a source-detector angle of 25° is shown in
Fig. 23. The Co-57 122 and 136 keV lines are clearly visible, but are mainly
due to coherent scattering in the aluminum pipe wall.
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As shown in Fig. 22, the shielded source increases the background level at
186 keV by over a factor of ten. This is due to high-energy photons
penetrating the lead shields. The strongest single contribution is from the
Co-57 692 keV line (x1/: = 271.77 d). The relatively rapid decay of Co-56, (xVl

= 77.7 d), which also emits high-energy y-rays, will therefore not affect the
situation. An increase in the 186 keV background level by a factor of ten
would imply more than doubling of the uncertainty in the TGM measurement.

Since no deterioration in the performance of the 186 keV measurement can
be allowed, the Co-57 must be removed during these measurements. This
result obviously also excludes simultaneous pressure and 186 keV
measurements.

4.3 Coherent scattering

Several measurements were done with setups as shown in Fig. 5 (Chapter 2)
on the gas pipe. The spectrum for a source-detector angle of 25° is shown in
Fig. 23. The Co-57 122 and 136 keV lines are clearly visible, but are mainly
due to coherent scattering in the aluminum pipe wall.

4

counts
(log)

3.6

2.5

1.5

0.5 -

UK

20 60 80 100 120
Energy (keV)

140

Fig. 23. Spectrum showing coherent scattering with the gas pipe.

If the source-detector angle was increased further, more irradiated section of
the pipe would be detected with corresponding increase in background. These
spectra are very similar to some of the XRF-TGM spectra, as shown in
section 4.1.2. Hence the source and detector should be collimated such that
detection of coherent scattering in the pipe wall is suppressed. Experiments
showed that with proper collimation only a small volume of gas can be
irradiated. This resulted in weak pressure signals and impractically long
measurement times for a LEU/HEU decision of the order of days.
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4.4 Summary and conclusions

The performance of the methods for UF6 gas pressure measurement described
in Chapter 2 was analysed. The main performance criterion is: minimum total
measurement time for a LEU/HEU verification. The analysis was based on
experimentally obtained data. The conclusions are:

• The optimum method is U Ka XRF at a detector-source angle of 115°.

• Simultaneous measurement of pressure and 186 keV signals is not
feasible, due to background induced by Co-57 y-rays.

• Integration of the XRF source collimator with the existing DUAL
collimator is feasible.

• The Co-57 source must be completely removed during the 186 keV
measurements.
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5. DESIGN OF XRF EXTENSION TO DUAL
COLLIMATOR

Uranium Ka XRF was selected in the previous Chapter for the UF6 gas
pressure measurement. Also it was decided to adopt the Co-57 source plus its
collimator to the existing DUAL collimator for the 186 keV measurements. In
this Chapter, it is shown that this approach works and performance estimates
for in-field use are obtained experimentally.

5.1 Measurement setup

The principle design of the XRF arrangement is shown Fig. 24. The detector
is also indicated; as can be seen from Fig. 24, the gas part of the DUAL
collimator serves as detector collimator.

Source

DUAL collimator -, ... ,„„,,,„
Detector

Fig. 24. Cross sectional view of the pressure measurement setup.

The DUAL collimator was originally developed for the passive 186 keV
measurement. The geometries of the two detector collimators are optimal for
this measurement, but not for the XRF measurements. For that, the detector
collimator is insufficiently selective. Thus only a small amount of gas can be
irradiated, when the source is collimated in such a way as to avoid direct
detection of the deposit. Thus the optimimum source collimator design
corresponds to the maximum collimator opening for which no deposit is
irradiated that is seen by the detector.

5.2 Prototype

A prototype source collimator and source holder were developed for
experimental testing in the enrichment plant of URENCO, Almelo. Collimator
position and aperture (2 mm) are fixed. The drawings of this prototype are
included in Appendix F.
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Fig. 25. XRF spectrum of the gas pipe.
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Fig. 26. XRF spectrum of the foil pipe.

The prototype can be mounted to the DUAL collimator. The resulting
measurement setup is as sketched in Fig. 24. The position and aperture of the
source-collimator are chosen conservatively, in order to completely avoid
direct detection of the deposit. Care must be paid to uncertainties in the
collimator position with respect to the pipe. Such uncertainties are due to pipe
tolerances and displacement of the DUAL collimator. Within these
uncertainties the deposit contribution to the XRF signal should not
significantly change.
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Figs. 25 and 26 show two spectra acquired with the DUAL collimator setup.
The deposit still contributes to the XRF signal because of fluorescence in the
deposit in front of the detector as followed from measurements with the foil
pipe. This is induced by photons from the source, scattering in the aluminum
pipe wall before the source collimator (see Fig. 2, p.9).

5.3 Influence of position tolerances

An indication of the size of this effect was obtained with the help of
tolerance measurements: the DUAL collimator, with mounted source-
collimator, was displaced within the tolerances with respect to the foil pipe.
The measurements were performed with three different positions of the
DUAL collimator with respect to the foil pipe. These positions are indicated
in Fig. 27.

3

DUAL collimator
deposit pipe

Deposit detector Gas detector

Fig. 27. Measurement positions used to study the effect of position tolerances
on the deposit contribution.

• In position 1, the deposit collimator is as close to the pipe as possible.
• In position 2, this is the case for the gas collimator.
• Position 3 is the situation sketched in Fig. 27: both gas and deposit

collimators are as far (1 mm) from the pipe as possible.

The measured XRF signals are listed in Table 9. The listed relative standard
deviations are due to counting statistics.

Table 9. XRF signals measured with the foil pipe for three relative pipe-
DUAL collimator positions.

Position

1

2

3

Counting rate [s'1]

0.6507

0.6565

0.7045

RSD (%)

4.1

3.8

3.5
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Table 9 shows that the deposit contribution does not change more than 7%
for displacements of the DUAL collimator with respect to the pipe of 1 mm
or less. This possible variation is negligible with respect to the statistical
uncertainty of the XRF signal during LEU/HEU verifications. Hence for
position tolerances within 1 mm, the prototype will measure effectively a
stable deposit contribution to the XRF signal.

5.3 Expected in-field performance

In this section estimates are given for the performance of the pressure
measurement setup under design worst case measurement conditions listed in
section 1.3. The estimates are based on measurements with the calibration
pipes. The measurements were all performed with the N2 detector. Counting
rates measured with the various calibration pipes are listed in Table 10.

Table 10. XRF

Pipe

gas pipe

foil pipe

evacuated
deposit pipe

counting rates, N2 detector.

Measurement
time
[h]

15

18

15

Counting rate
[s-1]

39.371

16.512

0.6565

16.290

13.585

RSD
(%)

0.10

0.10

3.8

0.10

0.12

Identification

98 keV U Kal

Background
at 98 keV

98 keV U Kol

Background
at 98 keV

Background
at 98 keV

The XRF signal of the gas pipe from Table 10 is separated into its
components in Table 11. For this, the results of Chapter 3 (gas and foil pipe 7
spectra) and the data listed in Appendix C are used. Table 11 shows that the
contribution to the XRF signal of uranium self-fluorescence is negligible for
in-field conditions (0.1%).

Table 11. Components of the 98 keV gas signal of the gas pipe.

Identification

gas signal

background

self-fluorescence

Measured counting
rate [s1]

39.371

16.512

0.0377

RSD {%)

0.10

0.10

11

In order to estimate the in-field measured gas signal RXG of the prototype
measurement setup under worst case in-field conditions, the gas XRF signal
of the gas pipe, is corrected with the ratio of the pressure of the UF6-gas in
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the gas pipe (5200 Pa) and that of design worst case conditions (60 Pa). The
results are listed in Table 12.

Table 12. Estimated in-field measured 98 keV gas signals RXG and RXD.

Signal

R X G

R X D

Identification

Gas signal

Self-
fluorescense

Deposit
signal

Self-
fluorescense

Measured
counting rate

[s"1]

39.371

0.0377

0.6565

0.07285

RSD
(%)

0.10

11

3.8

5.2

Calculated in-
field counting

rate [s1]

0.4543

0.00044

0.1331

0.00036

In a similar way, the deposit XRF signal RXD under in-field conditions is
estimated from the XRF signal of the foil pipe. The latter is corrected with
the ratio of the uranium deposit thickness of the foil pipe (3.15 10"3 mo1 U /J
and of the design worst case conditions (7.19 10"4 molL/m). The contribution of
uranium self-fluorescense to the in-field signal is small (0.3%), because of the
LEU deposit (estimated enrichment: 2%).

Finally, Table 13 presents a summary of the expected in-field XRF signals. If
the peak area algorithm as described in Appendix B is used, the calculated
error in the peak area of the total signal will be 40%, and the uncertainty in
the gas signal will be 55%.

Table 13. Summary of expected 98 keV in-field signals (uncertainty in the
estimates: 1 RSD).

Identification

Total signal

Gas signal

Deposit signal

Background

Expected counts
in 10 minutes

[s1]

350 1%

270 0.1%

80 4%

8200 10%
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7. APPENDIX A. DETECTOR PROPERTIES

The XRF experiments have been performed using EG&G ORTEC High
Purity Germanium detectors (HPGe). These detectors contain coaxial N-type
germanium crystals (see Fig. A.I). The specifications are listed in Table A.I.
Also the settings of the ORTEC 571 main Amp are listed.

Table A.I. Detector specifications as stated by the supplier.

Serial number
Model
Cryostat
Crystal diameter
Crystal length
Hole diameter
Hole length
Distance cap/crystal
Absorbers

Bias voltage
Pulse polarity
Shaping time

Nl detector

26 N 1602C
GMX 13200
CFG-66-GMX

44.7 mm
46.0 mm
10.4 mm
37.8 mm
3 mm
0.5 mm Be +
0.3 um inactive Ge

-2000 V
positive
6 us

N2 detector

29 TN 3026 OB
GMX 15180 PS
POP TOP

54.1 mm
39.5 mm
unknown
unknown
3 mm
0.5 mm Be

-2500 V
negative
6 us

The detector crystal is part of a diode: a depletion layer is formed because of
a reverse biased voltage. For HPGe detectors, this depletion layer covers
virtually the entire crystal volume.

The P electrode at the
axis of the crystal
consists of a 600 um
thick layer of lithium.
The N electrode
covers the total
outside surface of the
crystal, and exists of
implanted boron. The
maximum thickness
of the dead layer on
the crystal surface is
0.3 um.

N

Boron

Lithium

Fig. A.I. Schematic cross section of the Ge crystal.

The specifications of detector Nl from Table A.I were checked
experimentally by means of several y-ray scans. During these scans the
detector was irradiated by a narrow y-ray beam, yielding the measured
counting rate as a function of the position of the beam.

The beam was produced using a cubic lead collimator with dimensions
5x5x5 cm, with a circular aperture of 2.5 mm diameter (see Fig. A.2).
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Collimator

Detector cap

Crystal and center hole

Fig. A.2. Measurement setup for the surface scan.

o Diagonal 1 + Diagonal 2

40

30

20

10

o e o o

0 1 2 3 4 5

Position collimator (cm.)

Fig. A.3. Results of the surface scan with the Am-241 source.
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7.1 Surface scan with Am-241 source

During the surface scans, the detector was positioned vertically, and the
collimator was placed on the perspex safety hood (thickness 3 mm) of the
detector. For each measurement, the collimator was shifted over a diagonal of
the detector. The results for two mutually perpendicular diagonals, labelled
diagonal 1 and diagonal 2, are presented in Fig. A.3. An Am-241 source was
used (main y-ray of 59.5 keV energy with mean free path in Ge: 0.93 mm).

If the centre of the beam is aimed at the edge of the crystal, approximately
half of the beam will fall on the crystal, as illustrated in Fig. A.4. This
approximation is allowed, since the beam diameter is small compared with
the crystal diameter. The full width at half height in Fig. A.3 therefore
corresponds to the diameter of the crystal. From Fig. A.3 an estimate of the
crystal diameter of 44 ± 2 mm is obtained.

Beam

Crystal

Fig. A.4. Top view of crystal and y-ray beam.

12 Surface scan with Co-57 source

The scan was performed with Co-57 (main y-rays of 122 keV and 136 keV
energy with mean free paths in Ge of resp. 4.48 and 5.67 mm). The 136 keV
count rate is corrected for the relative abundance to the 122 keV line. The
collimator was shifted over diagonal 1 (see Fig. A.3).

The results of the scan are shown in Fig. A.5. The central hole is clearly
visible in Fig. A.5. From the full width at half height in the figure, the
diameter of the hole would be estimated as 13 ± 2 mm. However, the
diameter of the central hole is not small compared to the diameter of the
beam. Taking this into account yields a smaller diameter of 11 ± 2 mm.

The difference in count rates for the corrected 122 and 136 keV signals, with
the collimator aimed at the centre of the crystal, is due to the presence of the
central hole. Less 136 kev photons than 122 keV photons will be fully
stopped in the germanium layer above this hole. One can obtain a simple
estimate of the thickness of this Ge layer from the ratio of the count rates
R122 and R136. In an absorption measurement, this ratio is given by

1 - e M36

where d [cm] is the wanted thickness of the germanium layer. However, the
coefficient p [cm"1] does not have its usual meaning of intensity attenuation
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o 122 keV + 136 keV

31

300

200

100

* e

2 3 4

Position collimator (cm.)

Fig. A.5. Result of surface scan with the Co-57 source.

coefficient, but is now an effective full energy absorption coefficient.
Assuming that the photons of interest either have none or one single
interaction in d, p is the photo electric absorption attenuation coefficient,
being 1.118 cm"' for 122 keV and 0.844 cm"' for 136 keV. One then obtains
an estimated germanium thickness of 8 ± 1 mm. This is in good agreement
with the value of 8.2 ± 0.2 mm that can be calculated from the specifications.

7.3 Side scan with Co-57 source

For the scan of the length of the crystal the detector was stripped of its
shielding and positioned horizontally. The source was shifted parallel to the
axis of the crystal. The scan was performed with the Co-57 source and the
cubic lead collimator. The 136 keV count rate is corrected for the relative
abundance to the 122 keV line. The results are shown in Fig. A.6. The length
of the crystal, as obtained from Fig. A.6, is 46 ± 2 mm.
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o 122 keV

a "3
§ I31

300

200

100

+ 136 keV

9 o

2 3 4

Position collimator (cm.)

Fig. A.6. Result of the side scan with the Co-57 source.
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8. APPENDIX B. PEAK AREA
ALGORITHMS

The determination of the area of the U Kal X-ray full-energy peak in the
XRF pressure measurement requires some care. This is due to the non-
linearity of the large background and the peak-to-background ratio. In this
appendix the performance of two algorithms are evaluated for their
applicability to the XRF pressure measurement.

8.1 The ACCUSPEC algorithm

The first algorithm uses three windows in the spectrum (see Fig. B.I).

Cl C2 C3

: A i

\

Rl R2 R3

Fig. B.I. Energy windows in the ACCUSPEC algorithm.

The net peak area P is calculated as:

P = C2 - / - ( C , + C3), (B.I)

Here, R, is the width in channels of window i, C, the sum contents in window
i, and B the calculated background in the central window. The expression for
the uncertainty in P is:

Thus the relative uncertainty in P is:
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B (B.4)

This method is used in the NUCLEAR DATA ACCUSPEC software. The
structure of the windows in the ACCUSPEC algorithm is somewhat peculiar.
The central window is defined by marking two channels around the peak.
This window includes the marked channels themselves. The windows 1 and 3
at the left and the right have the same length as the central window and are
automatically set by ACCUSPEC, adjacent to the central window. However,
the left and right windows also contain the marked channels! This means
that two channels used to calculate the net peak area are also used to
calculate the net background. This has no serious effect as long as the middle
window is not too narrow.

Eq. (B.4) applies to the ACCUSPEC algorithms with /=0.5. Since / is fixed,
only p can vary in eq. (B.4). The minimum p is obtained for a central
window as narrow as possible, i.e. just including the complete peak of
interest.

The present XRF spectra are characterized by a large, non-linear background.
Application of the ACCUSPEC algorithm to peaks on a non-linear
background spectrum was investigated with an XRF measurement of the air
pipe. The measurement time was 15 hours. Fig. B.2 shows the calculated area
as a function of the window width. The counting rates are normalized to 10
minute measurement time. Note that the pipe did not contain uranium and
that therefore there are no peaks in the window of interest. It follows from
Fig. B.2 that the ACCUSPEC algorithm yields non-zero 'net peak areas'.

80 :
counts

70

1 2 3 4 6 6 7 8 9 10
Width of region

Fig. B.2. Spurious net peak areas due to non-linear background with the
ACCUSPEC algorithm.

The results of Fig. B.2 cannot directly be translated to the in-field
measurements, because the shape of the background is a function of the gas
pressure.
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The ACCUSPEC performance for the present application was investigated
with artificial spectra. Each of these was constructed by adding a background
spectrum and a spectrum with only U X-ray peaks. The background spectra
were obtained from 10 minute XRF measurements with the air pipe. The
resulting background will be larger (25%) than expected for in-field spectra
because of the scattering by air. The peak spectrum was obtained by
separating the U Ka X-rays from the spectrum of a 24 hours XRF
measurement with the gas pipe. The real net peak area is 299 counts. The
analyses of the 10 measurements are listed in Table B.I (rows 1 to 10). For
each measurement, windows of widths ranging from 1 to 4 channels were
used (columns 1 to 4). In each case, the resulting net peak area, its
uncertainty (1 RSD) and its relative deviation from the real peak area are
specified.

Table B.I. ACCUSPEC performance for artificial in-field XRF spectra. Rows
I to 10 give calculated net peak area and counting statistics uncertainty (I
RSD in %) per measurement.

Measurement

1

2

3

4

5

6

7

8

9

10

Average

Deviation (%)

°to (%)

oen (%)

Window width [channels]

1

479
56%

328
83%

411
66%

263
104%

641
42%

595
45%

580
47%

384
70%

410
67%

584
46%

399

33

37

20

2

266
78%

113
184%

370
56%

219
95%

227
91%

432
48%

577
36%

141
147%

404
51%

587
35%

191

-36

50

47

3

262
68%

342
52%

306
59%

264
68%

203
88%

307
58%

512
35%

143
124%

349
51%

522
34%

241

-19

76

20

4

374
44%

242
68%

323
51%

277
59%

286
57%

214
77%

551
30%

117
140%

446
37%

513
32%

218

-27

90

19
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The deviations of the average calculated peak areas (the row "Average") from
the real value (299 counts) are not statistically significant for any window
width. However, the internal uncertainty aim is much larger than the external
uncertainty aexl based on counting statistics only. This indicates that the total
statistical uncertainty is dominated by other sources than pure Poisson
statistics. These other sources are difficult to quantify. Correct uncertainty
estimation is therefore difficult when applying the ACCUSPEC algorithm to
the in-field XRF spectra.

8.2 The NIAGADA algorithm

The program NIAGADA uses peak and background fitting to mathematical
expressions for calculating peak positions, peak areas and background level.
For this, it uses information in the spectrum itself.

It is mandatory to specify various parameters as input to NIAGADA: the
search windows, how many peaks are present in the search window and the
initial estimates of the peak parameters (resolution; FWHM; ratio of left and
right FWHM; 2 functions for the peak tail). Other parameters, such as
estimated peak positions, FWHM, form of the background, can be preset as
input parameters. All input parameters are put in the NIAGADA control file
(see Fig. B.3), suitably called CONTROL, in readable ASCII format.

80
F
T 1
F 2

2

F 1
3.0 .7

le-5 10000
9.0
1.

2
291
300
2
339
349
1
379
394

300. 3-315

280 310 4
12000
20000

320 360 1
6000
1200

385 405 1
60
80

1 2721 2819 4
2770 300
0

1
72
74
84
87
692
0

0 0 0

.804 0.

.969 0.

.77 0.

.32 0.

.00 0.

LINEWIDTH FOB PRINTERPLOTS. MAX RESIDUAL SEARCHES
SKIP Windows WITH LARGE UNCERTAINTY FIRST CALL PIAPAS
CALL PIAPAS
USE RESIDS
PRECISION,

AND RESULTS A SECOND AND THIRD TIME
FILTERTYPE. RSIG. WIDTH OF INTERVAL FOR LOC

MAXIMUM NUMBER OF ITERATIONS
SHAPE PARAMETER INFLUENCING STEPSIZE

. 394. 3-555. 1

2 0

2 0

1 0

1 0

0 0

001
001
05
05
005

0

0

0

0

0

291
300
339
349
2768

0l6l. 0.6469. 4.9464. 4. 11. 250. 3000. 10011. 5. 1

{72.804 keV. Pb 1^}
{74.969 keV. Pb !<„,)

{84.77 keV. Pb K,,,)
{87.32 keV. Pb Kju)

{94.658 keV. U i^ }
{98.436 keV. U H,, )

{692.00 keV. vCo }

Fig. B.3. Example of a NIAGADA Control file.

The CONTROL file consists of three blocks. The first block in Fig. B.3 is
self explanatory, except for the last, seventh, line. This line concerns the peak
and spectrum shape (resolution, background) and contains 15 parameter
values, separated by commas, :

1 Not used (fill in an arbitrary number).
300 At channel 300 the
3.315 FWHM is 3.315.
394 At channel 394 the
3.555 FWHM is 3.555.
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1.0161 The left-right FWHM ratio.
0.6469 The first tails function.
4.9464 The second tails function.
4 The "NVO" parameter, indicating which parameters of the

resolution function are fixed, and which ones have to be fitted.
E.g. NVO=4 means: all parameters are free; NVO=0 means: all
parameters are fixed at specified input values. Selection of
NVO=0 implies automatic peak search between the begin and
end channels of fit region.

11 The shape of the background.
250 Begin channel of fit region for peak search.
3000 End channel of fit region for peak search.
10011 Print mode.
±5 The number of peak energies to be used for energy calibration.

These five peaks are listed in the bottom section of the figure
and are further explained in Fig. B.4. Selecting "+" indicates that
the specified channel numbers are estimates, "-" that the channel
numbers are fixed.

1 Search only in regions. These regions are listed in the middle
section of the figure. Selection of "0" indicates automatic peak
search between begin and end channel of fit region.

The middle block contains a specification for each energy region to be
searched for peaks. Each specification consists of one line for the region, and
one line for each peak. The first window concerns the Pb Ka X-rays:

line 9 2 peaks between channels 280 and 310.
line 10 The estimated position and height of the first peak.
line 11 The estimated position and height of the second peak.

Similarly, the other windows concern respectively the Pb Ko X-rays, the U
Kal X-ray and the Co-57 692 keV y-ray.

8.3 Semi-automatic energy calibration

A high degree of automation or self-control is desirable for in-field
equipment. This can be achieved for the CHEM system by applying
NIAGADA to the XRF measurements, since NIAGADA can perform a semi-
automatic energy calibration. The energy calibration is called semi automatic,
because one must specify rough starting values for detector resolution and
energy calibration. Fig. B.4 shows the third block of a NIAGADA
CONTROL file. Five peaks are specified to be used for energy calibration.
The block consists of one line per peak, each line respectively specifying the
peak energy, a tolerance and the preset starting value. NIAGADA is set to
interpret these values as rough starting values.

1
72.804
74.969
84.77
87.32

692.00
0

0.001
0.001
0.05
0.05
0.005

291
300
339
349

2768

Pb Ka2

Pb KH
Pb IW
P b Kp2/1 2
57Co y '

Fig. B.4. The settings for auto energy calibration in the CONTROL file.
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NIAGADA will search for a calibration peak in a window of 10 channels on
either side of the user-specified position. The program needs three peaks to
perform semi-automatic calibration. For the present application, accurate
results are obtained when the Pb Ka X-rays and the Co-57 692 keV y-line are
used. Note that a gain shift of only one channel at 73 keV will increase to
approximately 10 channels at 692 keV. This Co-57 line will then be skipped
by NIAGADA, leaving an insufficient number of calibration peaks. To
remedy this, the KB Pb X-rays are added to the peak list in Fig. B.4.

However, calibration on only the lead X-rays will result in the use of
extrapolated peak positions for the U Kal and U-235 185.7 keV y-ray.
Furthermore, the K6 X-rays are doublets with corresponding peak shape
parameters. Other alternatives are not available, however. For example, the
511 keV line suffers from poor peak shape parameters and a small counting
rate.

The effect of losing the Co-57 692 keV y-ray due to large energy calibration
shifts was investigated on three spectra with different amplifier gains. All
spectra were obtained in 10 minutes measurements of the gas pipe with the
N2 detector using the prototype source collimator. The results for
ACCUSPEC and NIAGADA are listed in Table B.2.

The energies calculated by ACCUSPEC show the energy shifts caused by the
difference in amplifier settings. NIAGADA was used with the settings of Fig.
B.4 for automatic energy calibration. The increase in %2 for gains 1 and 3 is
due to NIAGADA skipping the 692 keV line. A satisfactory calibration is
nevertheless obtained: the settings as showed in Fig. B.4 prove to be
adequate.

Measurement

Low gain

Correct gain

High gain

Table B.2.

Peak area
algorithm

NIAGADA
ACCUSPEC

NIAGADA
ACCUSPEC

NIAGADA
ACCUSPEC

Shifted energy calibration.

Calculated photon
energy [keV]

98.395 ±0.018
97.874 ± 0.002

98.413 ±0.004
98.380 ± 0.002

98.399 ±0.013
99.136 ±0.002

Counting rate
[s1]

39.47 ± 0.76%
39.51 ± 0.93%

39.25 ± 0.75%
39.15 ± 0.92%

39.43 ± 0.74%
39.86 ± 0.92%

x2

1.82

0.94

3.49

8.4 Conclusions

NIAGADA is able to identify the small 98 keV peak of in-field XRF spectra
and to calculate its area. For this, the position of the peak must be indicated.
Semi-automatic operation is preferable, which makes input of estimated
FWHM and peak position necessary.

However, the use of NIAGADA also poses some problems, and further
testing is necessary before the program can be applied in the CHEM Control
System. The following recommendations are made:
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Use NIAGADA as the main peak-area routine, with ACCUSPEC as a
backup routine to catch off any mishap of NIAGADA because of
model-errors.

Sometimes NIAGADA crashes due to memory-errors (EMM386-error,
DOS) or floating point problems. The last problem is caused by bad
user defined settings, the first problem should be investigated.
NIAGADA should be extensively tested under OS/2.

Use the SUMMARY file to read the output (position, energy, peak area,
%2), or modify the original program.

FWHM and the other peak parameters, have to be known as good as
possible. A user friendly calibration routine should be written.
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9. APPENDIX C. PHOTON ENERGIES

The y-ray energies and the values of the internal fluorescence are from
Erdtmann & Soyka, The Gamma Rays of the Radionuclides, 1979. The X-ray
transition data are from Storm and Israel, Nuclear Data Tables A7, 1970.
The data on y- and X-rays were taken from

a : J.H. Baard, A Nuclear Data Library for Activity Determinations of
Selected Nuclides. GAMLIB version 1-5, ECN, Petten (1991), ECN report
ECN-I--91-065.
b : Browne & Firestone, Table of Radioactive Isotopes, 1986.

Definitions and symbols:
x-int: Internal conversion.
y-ray abundance: The number of photons per 100 nuclear disintegrations.
X-ray abundance: The K transitions are normalized per element to Kal =

100 and the L transitions to Lai = 100.

Energy
[keV]

10 . 551
11.622
12.307
12.614
12.795
13 . 00
13 .30
13.442
13.618
16.578
17.220
17.455

20.168
20 .486
20.714
20.843
22.984
23.174
26.060
26.095
25.64
26.55

41.96
42.86
46 . 52
49 .55

53.20
57.984
58.57
59.321

63.29
66.950
67.244

ECN-C-95-078

Nuclide/
Element

Pb
U
Pb
Pb
Pb
U-238
Th-231
U
U
U
U
U

U
U

u
u
Cd
Cd
Cd
Cd
Th-231
Th-231

U-235
Th-231
Pb-210
U-238

U-234
W
Th-231
W

Th-234
W
W

Description

Lai

L£4
L£l
L£3

La2
Lai
LiJ4
L£l
L£3

Lyl
Ly2
Ly3
Ly6
Ka2
Kal
Ki53
K M

Ka2

Kal

K£3
K M

X-ray
X-ray
X-ray
X-ray
X-ray
x-int
x-int
X-ray
X-ray
X-ray
X-ray
X-ray

X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
y-ray
y-ray

y-ray
y-ray
y-ray
y-ray

y-ray
X-ray
y-ray
X-ray

y-ray
X-ray
X-ray

Abundance

100
11.4
31.6

130
34 . 6
8.7

92
11.4

100
35.5

136
30.6

30.8
9 .58
9 . 54
5.94

53.3
100

8.82
17.2
14 . 6 a

0 . 54 a

0.06 a

0.158
4 .0
0.064 a

0.123 a

57.6
0.50 a

100

4 .47 a

10.8
20.8
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(continued)
Energy
[keV]

69.033
69.101

72.70
72.751
72.804
74.80
74 .969

81.228
82.087
84.214
84 .450
84 .938
87.240
87 . 361
89 .958
89.96
89.95

92 . 287
92.38
92 . 80
93 . 02
93 . 35
93 .351
94 .658
95 .70
98.436
99.28

102 . 27
104 . 821
105.605
105.00
108.483
108.683
108.60
109.16
109 .421
109.476

110.425
111.302
112.81
114.333
114.561
115.341
115.411

120.90

140.76
143 .76

150 .93

163.12

Nuclide/
Element

W
W

U-235
Th-231
Pb
U-235
Pb

Th-231
Th-231
Th-231
Pb
Pb
Pb
Pb
Th
U-235
Th-231

Th-231
Th-234
Th-234
Th-231
U-235
Th
U
U-235
U
Th-231

Th-231
Th
Th
U-235
Th
Th
U-235
U-235
Th
Th

U
U
Th-234
U
U
U
U

U-234

U-235
U-235

U-235

Th-231

Description

K£2/l
KE2/2

K(X2

Kal

K£3
Ki51

K552/1
KB2/2

Ka2

Kal
Ka2

Kal

Ki53
KJ51

KJS2/1
K£2/2

K£2/3
KE2/4

K£3
K£l

K1S2/1
KJS2/2
K£2/3
K£2/4

X-ray
X-ray

7-ray
7-ray
X-ray
7-ray
X-ray

7-ray
7-ray
y-ray
X-ray
X-ray
X-ray
X-ray
X-ray
x-int
y-ray

x- int
y-ray
y-ray
y-ray
x- int
X-ray
X-ray
y-ray
X- ray
y-ray

y-ray
X-ray
X-ray
x- int
X-ray
X-ray
x- int
y-ray
X-ray
X-ray

X-ray
X-ray
y-ray
X-ray
X-ray
X-ray
X-ray

y-ray

y-ray
y-ray

y-ray

y-ray

Abundance

2.45
4 .77

0.110
0.26 a

59.6
0.06 a

100

0.85 a

0.37 a

6.71 a

11.2
21.6
2.65
5.24

61.9
3.36 21%
0.94 a

0.43
2. 60 a

2.56 a

0.045
5.5 3%

100
62.6

100
0.12

0.40 a

11.5
22.4
1.00
2.85

5.72
0 . 30
1.54 a

1.96
1.96

11.6
22.6
0.256
2.89
5.83
2 .07
2.07

0.0342 a

0 . 22 a

11.0 a

0.08 a

0.153 a
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(continued)
Energy
[keV]

163.33

182.61
185.715

194.94

202.11
205.31
221.38
238.633
258.23
295.17

351.90

609.32
665.45

742.79
766.412
768.36
786.30

934.05

1001.00

Nuclide/
Element

U-235

U-235
U-235

U-235

U-235
U-235
U-235
Pb-212
Pa-234m
Pb-214

Pb-214

Bi-214
Bi-214

Pa-234m
Pa-234m
Bi-214
Pa-234m

Bi-214

Pa-234m

Description

y-ray

y-ray
y-ray

y-ray

y-ray
y-ray
y-ray
y-ray
y-ray
y-ray

y-ray

y-ray
y-ray

y-ray
y-ray
y-ray
y-ray

y-ray

y-ray

Abundance

5.08

0.34
57 .2 a

0.63

1.08
5.01
0.12

43 .9 a

0. 073
18 .4 a

35.4 a

46.09
1.563

0.095
0. 313
4 . 885
0.055

3 .165

0.828
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10. APPENDIX D.
CALIBRATION PIPES

PROPERTIES OF

* Design worst case conditions
Enrichment UF6-gas (wt%)
Pressure UF6-gas (Pa)
Enrichment U deposit (wt%)
Thickness U deposit (Mg u/cm2)
Ratio U-235 activity deposit/gas
U-235 gas activity (Bq/J
U-235 deposit activity (Bq/J
Linear U gas density (rao1 u/m)
Linear U deposit density (mo1 U /J

3
60

2
150
30
14.1

282
2.50 105

7.19 104

Gas pipe
Enrichment UF6-gas (wt%)
Pressure UF6-gas (Pa)
Enrichment U deposit (wt%)
Thickness U deposit (w L'/cm2)
Ratio U-235 activitydeposit/gas
U-235 gas activity (Bq/J
U-235 deposit activity (Bq/m)
Linear U gas density (mo1 L ' /J
Linear U deposit density (mo1 u/m)

• Foil pipe
Enrichment UF6-gas (wt%)
Pressure UF6-gas (Pa)
Enrichment U deposit (wt%)
Thickness U deposit (™ u/cm2)
Ratio U-235 activity deposit/gas
U-235 gas activity CVJ
U-235 deposit activity (Bq/J
Linear U gas density (mo! L7m)
Linear U deposit density (molL7m)

: 3.979
5200

0.179
-
-

1627
2.5
2.17 103

7. 105

-
-

93.1
657

-
-
5.53 104

-
3.15 103
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11. APPENDIX E. SPECTRA OF
CALIBRATION PIPES

The y-ray spectra of the gas pipe and the foil pipe are shown in Figs. F.I-4.
For each pipe, the 0-200 keV region is shown and in addition the K X-ray
region (= 70 keV - 120 keV).
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235
U

231

Cd-Kx

234
Th

234
Th

U-L,

235,
U

235
U

2 3 5
U

20 40 60 80 100 120 140 160 180
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Fig. F.I. Low energy y-ray spectrum of the gas pipe.
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Appendix E. Spectra of calibration pipes
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Fig. F.2. X-ray region of the y-ray spectrum of the gas pipe.
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Fig. F.3. Low energy y-ray spectrum of the foil pipe.
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Appendix E. Spectra of calibration pipes
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Fig. F.4. X-ray region of the y-ray spectrum of the foil pipe.
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12. APPENDIX F. DETAILED SKETCHES OF
PROTOTYPE XRF PART

Figs. F.I-4 show the prototype XRF Part. The frame of the XRF Part is
manufactured of Trovidur and the source collimator is made of lead. It
consists of two "legs", at a right angle, as can be seen from the top and
bottom views provided by Figs. F.I and F.2. These legs, called "dummy leg"
and "source leg", are shown in detail in Fig. F.3 and Fig. F.4.

The source leg contains the connection for the source and the source
collimator.

Source, source holder and source collimator are not shown in Fig. F.4 and
will only be described here. The source connection is provided with a steel
insert with thread, forming a M35xl.5 nut. The cylindrical source holder
serves as the bolt and is made of steel with thread on the outside. It is simply
screwed on the XRF Part. The source collimator is made of two pieces,
together forming a 120x46.6x20 lead block, with a rectangular slit of 3 mm
width and 80 mm height. The block is positioned in the spacing of the source
leg (see Fig. F.4), such that the center of the slit coincides with the center of
the circular hole for the source. The block is mounted on the source leg with
two M6 bolts.
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Fig. F.I. Xi?F Part: Top plate.
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Appendix F. Detailed sketches of prototype XRF part
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Fig. F.2. XRF Part: Bottom plate.
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Fig. F.3. XRF Part: Dummy leg.

Fig. F.4. XRF Part: Source leg (see p. 67).
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Appendix F. Detailed sketches of prototype
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