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Alkira Kurosawa*3, Hisashi Ikeda*!

Abstract

It has been required from IAEA to determine a small amount of plutoniui:a in the
high active liquid waste solutions (HALW) in the tokai reprocessing plant. High
performance spectrophotometer (HPSP), which could be obtained lower detection limit
than conventional spectrophotometer, is studied to be applied the inspection and

verification analysis. Tbe resulis of applicability test are described in this report.

-Cold Test-
Neodymium,‘ showing an absorption peak near the absorption wavelength of
plutonium(VI) , was used as an alternative element to plutonium, in order to review

the calculation method of the peak intensity.

-Hot Test-

' Plutonium nitrate solution was used for the fundamental test of this method.
Since the method is known to be influenced by acidity, suspended sludge and -coexistent _
elements in a sample, each dependency was examined. It was found that
measurement results varied about 14% at a nitric acid concentration of 2-4 mol/L.
Sludge could be removed by filtration before the measurement. The effect of
coexisting elements could be eliminated adjusting the optical balance between
reference and sample beam intensity.

In the case of measuring a low concentration plﬁtonium solution, a ratio of the
peak iﬁtensity to the background intensity (S/B ratio) was not enough to the measured
low concentration of Plutonium. Therefore a method should be improved the S/B ratio
by analyzing the obtained spectra. Data accumulation method, simple moving
average method and Fourier transform analysis was tested. The results showed that
a combination of the accumulated average method and the moving average method was

the optimum method for the purpose.
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Linearity of the calibration curve was found between 0-11 mgPu/l.. Synthetic
sample solution, which simulated the actual constituents of the HALW with plutonium,
showed a good linear relation at 0-11 mgPwL. The detection limit for plutonium
concentration was 0.07 mgPu/.. When the synthetic HALW solution containing

plutonium was measured, the detection limit was 0.2 mgPu/L.

Measurement of the actual HALW to which added known amount of plutonium
was also indicated a good linear relation. The detection limit was calculated to 0.2

mgPwL for the actual HALW measurement.

*1 Process Control Analysis Section, Tokai Reprocessing Centex, JNC
*2  Joyo Industries, Co., Lid.

*3  Analysis facility division, Reprocessing Plant Construction Office, Japan Nuclear Fuel Ltd.
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1. Introduction

In accordance with safeguards criteria being undertaken, much attention has
recently been required on plutomium amount in high active liquid waste frbm
reprocessing plant. Tokai Reprocessing plant has been requested by the IAEA to
identify a small amount of plufonium in the high active liquid waste (HALW)

temporally stored in the facility.

The study is carried out as a part of the Japan Support Programme for Agency
Safeguards‘ (JASPAS) in order to establish analytical technique for verification, which
allows immediate and precise analysis of a small amount of plutonium contained in the
HAILW. Review on the Laser Induced Photo Acoustic Spectrometry (LIPAS) is studied
within a framework of the JASPAS since 1993 and its effectivenesé as an analytical
method in the safeguards is being evaluated. It was found that LIPAS is sensitive and
effective to determine low concentration plutonium in HALW. However, stability of
VLIPAS system, especially laser, is not enough to use as a safeguards and/or
accountancy analysis. In this paper, results of High Performance Spectrophotometry

(HPSP) study are deseribed.

Typical conventional analytical methods for plutonium measurement in HATLW
are the Isotope Dilution Mass-Spectrometry (IDMS) and the X-ray Fluorescence (XRF).
While the IDMS features high accuracy, it requires complicated pretreatment to obtain
analytical fesults and takes much time. Therefore, it is not considered to be
appropriate for the inspection analysis at the facility. The XRF can immediately
provide results and shows excellent performance in the high concentration region (1
gPu/L. or more). However, it is inﬂuenced by the coexistent elements, which are
difficult to be compensated. This makes the XRF inappropriate for. Pu analyses in
HALW. Other existing methods to analyze plutonium concentration in the HALW is
¢ -ray measurement. This method also i'equires complicaited pretreatment such as
extradtion, and isotopic compositions of plutonium must be known. These
prerequisites do not confirm to the needs of the analytical method to be developed in

the present study.
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In thé nitric acid solution, plutonium takes the oxidized forms of Pu(ID, PufIV)
and Pu(VI), among which Pu(VI) is known to have a high sensitive and sharp
absorption peak in the visible (near infrared) regionl.. However, a plutonium
concentration in the HALW is expected to be lower than the detection limit of this
method (approximately 102 Abs), which makes it difficult to take measurement by the

conventional spectrophotometer.

In this study, an instrument that is capable of taking measurements for
analyzing plutonium existing in small quantity in the HALW both simply and promptly
without being influenced by the coexistent elements. As a result of review and
examination, the High Performance Spectrophotometry (HPSP) was selected to satisfy

these conditions.

Prineciple

The HPSP is classified as an absorption analysis method, but signal detection
and treatment is different from the standard double beam spectrophotometer (simply
called spectrophotometer hereinafter). It directly measures a difference in strength of
light (Ir-Is) between the reference light (Ir)} and th.e sample light (Is) with strict blank
correction, not detecting signals of zero transmission factor and those cutting 100%
light. This means transmission of light is relatively decided by comparing with
sample and reference. According to this principle, measurements within the

absorbance range (0.02~0.0002 Abs, corresponding to 10~0.1 mgPwL of plutonium),

‘which are usually difficult to be taken, can be measured. This measurement principle

has been incorporated into a device developed by JASCO Corporation. However, it has

only been applied to the characteristic evaluation of Langmuir Blodgett Films.

In this study, this technique was first applied to a solution system, ahd the
device was modified to be able to measure a high radicactive solution sample. As a
high radioactive sample considered is placed in air-tight box which is shieldéd by the
lead (hereafter called an inner box) and handled by remote control equipment such as a
manipulator, this system had the sample cell in the inner box and used the optical fiber

to deliver incident and transmitted lights.
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This paper reports the review on the method that can analyze a plutonium

concentration in the HALW by HPSP simply and rapidly.
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2. Principle of Measurement
Difference of the principle of measurement by conventional spectrophotomefry,
the method considered can not measure the absolute value of the transmitted light but
measures a very small difference in the intensity of the light by taking a ratio of the

transmitted to the reference light intensity.

Fig. 2-1 shows comparison of output signal (shape, form) from the detector. V=
represents the output level from the detector against the reference light intensity R,
and Vs the output level from the sample light intensity S. The conventional
spectrophotometer measures the 100% transmitted reference, 0% (black) and sample
signal intensities alternately, so that it can measure the absolute absorbance, but it is
difficult to detect & very small variance of transmitted intensity due to a wide
measurement range (0 to 100%). On the other hand, as the HPSP directly measures a
difference in transmitted light (Vr-Vs) between the reférehce light and the sample one,

it can detect even a small difference.

Fig. 2-2 shows the block diagram of the system. The light passing the
" measurement sample and the reference sample is alternately detected via a sector
mirror by the Si detector installed in the integrating sphere. This figure i_llustfates
that the output signéi from the detector @ is amplified by the amplifier &, and then
divided into D.C. elements temﬁorally invariant and A.C. elements containing various
frequencies by the signal. element separator . The rafio of the D.C. elements
(Va+Vs)2 that is amplified by the D.C. amplifier @ to the A.C. elements (Va-Vs)
émplified.by the AC amplifier @ is calculated by the divider @.

When the incident light is designated as /5 the transmitted light 7 the device
constant k&, and the material concentration ¢ the Lambert-Beer Law, which is the

principle for measuring the concentration, is expressed as:

[=Ie™

In the system considered, /s and frcorrespond to.the incident light /o and the
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transmitted light J respectively. Fig. 2-2 shows Jrec Vg and Isoc Vs so that calculation
of the ratio (A.C. element (Tr-Js/to D.C. element (Iz-Is/2 by the divider @ is:

I, -1y "2x1-—e"kc
IR'I'IS 1+e*
2
=2xe; —el
e +e?
= 2 tanh (%kc ) (2.1)

When kc<(1, that is, a sample hardly absorbs the light,
= kc
Thus,

-1
const - X —5 = ke _ (2.9)

rT1g

This means a result of the ratio caleulation of (Jz-Js) and (Ir+s) corresponds to
the absorbance, which is proportional to the material concentration, and therefore

gualitative analysis can be performed.
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Fig. 2-1 Comparison of Output Waveform from Detector
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Fig. 2-2 Block Diagram of HPSP Electric Processing Circuit
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3. HPSP system
3.1 General
Fig. 3-1 and 3-2 show the appearance of the system and the configuration of the
system, respectively. This system mainly consists of a optical measurement part, a

signal processing unit and a control unit.

As seen in Fig. 3-2, the light source consists of a halogen lamp D, which emits
light ranging from the near infrared region to the visible radiation, and the light source
converging system @. Light travels through the higher order light cut filter @,

converging on the incident slit @ of the monochrometer ®.

Monochromaﬁc light separated by monochrometer installed in the spectroscope
converges on a part of the two-branch fiber through a lens. Light converged on the
one-branch fiber @ isrled to the flow type sample cell which is placed in the inner
box. Fig. 3-3 and 3-4 show the appearance and the cross section of the flow type

sample cell, respectively.

Light passing through the sample cell is led to the detector via fiber. On the
other hand, light transmitting the 1 m-long bundle fiber @ passes through the balance
adjustment filter @ which is installed to retain a difference from luminous energy of

the sample light within 1%.

After passing through the balance adjustment filter, light passes through the
reference cell @ and then the ND filter for fine adjustment of luminous energy

before reaching the detector 8.

Two types of ND filters with transmissivity of 0-10% and 0-100% are used in this
measurement in order to correct a variation in the baseline caused by the effects of a
sample mixed with multiple elements, that shows absorption over the whole

wavelength.

The sample light and the reference light are alternately led to the integrating
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sphere (40 mm ¢) @0 by sector mirror @. The entered light repeats diffuse reflection
on the inner wall of the integrating sphere, and is measured by detector through the

window provided on the inner surface of the integrating sphere,

To ensure stable measurement on the surface receiving light, the detector uses a
Si photocell that features higher spectroscopic sensitivity than photomultiplier in the
wavelength range to be measured (near infrared region). The light detected by Si
photocell is signal-processed by electric processing circuit and collected to the personal
computer (PC) via interface. Data processing including wavelength movement of the
monochrometer, signal input from the detector and spectral representations is

performed by the computer.

ontroller”

Fig. 3-1 High Performance Spectrophotometer
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3.2 Specifications of Each Part

Specifications of this system are shown in Table 3-1.

Table 3-1 Specifications of High Performance Spectrophotometer

Item

Specifications’ -

Range of Wavelength Measured

750 nm~860 nm
(range of 800~860 nm is guaranteed)

Type of Measurement

Double-beam, lock-in type

Measured Item

- Transmission measurement

Scope of Measurement -

Corresponding to 2X 102 ~ 4 X 104 Abs

Light Source Halogen lamp
‘ Focal length: 25 cm
Monochrometer Diffraction grating: 600/1000 nm, 1 ftm blaze
Wavelength resolution® 0.2 nm (half band width)
Optical Fiber, Made of Quartz With an inner diameter of 3 mm ¢

2-brached Fiber-

Sample Cell

Flow type quartz glass
Optical path length: 10 mm

Integrating Sphere Inner diameter 40 mm ¢

Detector : S1. photoce.ll _Of e.lectromc cool;ng type
Light receiving area: 25 mm?

A.C. Amplifier Analog type lock-in

Data Processing

Absorptivitiy (%)

3.3 Improvements over the General Purpose Equipme’nt (Used for

Measurement of Langmuir Blodgett Films)

®  To apply to measurement of High Active liquid Waste solution (remote control),

an optical fiber made of quartz was used as the transmitting of the light to and

from optical sample cell. In addition, a difference in light intensity between the

reference light and the sample one can be corrected by using similar an optical

fiber for the reference light.

@ Use of a high power halogen lamp (150- W) covers a loss of the light intensity
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3.4

incurred by the optical fiber. _

In order to ensure stable measurement on the light receiving surface, a Si
photocell detector, that shows a high spectroscopic sensitivity in the range of the
wavelength, was applied (near infrared region) is used.

In consideration of handling nitric acid samples for the reference, the reference
cell holder was made air-tight to protect the optical components in the main body
from corrosion.

The variable-type ND filter which was free from dependency on the wavelength
and that can easily adjust the light intensity was selected so that more strict

adjustfnent can be attained.

Operational Procedures of HPSP System
Operational (measurement) procedures of the HPSP system are given below:

Calibration of HPSP Svstem

Turn on power, and calibrate™ the main system. Calibration procedures are

described in Attachment 2.

* Calibration should be conducted during the start-up operations after the long

term shutdown (2 to 3 months).

Selection of Measurement Conditions

Input the conditions such as measurement sensitivity, the range of wavelength
to be measured and the sweep rate to the PC. When the measurement
sensitivity is changed, a value of [SENSITIVITY] of the lock-in amplifier should

be also changed.

Measurement of Base Spectrum

Fill the reference and sample cells with a solution that can be blank. For
example, if a plutonium nitric solution is to be measured, prepare a nitric acid
solution with the same concentration as the sample. If HALW is to be
measured, use the synthetic HALW solution. Set the measurement mode of the

PC to [Referencel], and start measurement.
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When the base spectrum was measured within the sensitivity that was inputted
in the above (2), proceed to step {(4). If not, go back to step (2) and input the

measurement sensitivity again. Input a larger value this time than the

previous value inputted.

@ Measurement of Spectrum

Leave the solution in the reference cell, which was set in 3-4. @), while a sample
to be measured should be placed in the sample cell. Select the measurement
mode of the PC [Sample], choose the spectrum file to be used for a reference, and

then start measurement.

®  Analysis of Results

Peak intensity of the spectrum obtained should be calculated by various
analytical methods (the three-point method, the data accumulation method, the

simple moving average method, and Fourier analysis, if necessary).

® Concentration Calculation

Calculate a concentration of the material from the predetermined analytical

curve.
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3.5 Balance Adjustment of Base Spectrum by Optical Control
Based on the principle, the system measures a difference of light intensity
between the reference and the sample. Therefore, the balance between the signal
intensity of these lights should be maintained. An example of balance adjustment is

shown in Fig. 3-5.

As shown in the figure, when the light intensity of the sample considerably
reduces, the absorption peak deviates from the full scale. Decreasing the reference
light intensity by optical control will lower the whole baseline (or vice versa depending
on the cases) to allow proper measurement. The light intensity can be adjusted by the

" use of the coarse and fine optical filters.

N
N

Full Scale

Wavelength

Fig. 3-5 Example of Balance Adjustment by Optical Control
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4. Reagents and Samples for Measurement

@ Neodymium Solution

In the cold test, a neodymium solution was used as an alternative to plutoninm.
Neodymium shows a sharp absorption peak near the absorption wavelength of

plutonium(VI) , with the absorption factor of about 1/25 of plutonium.

The neodymium solution was prepared by the neodymium nitrate, which is
dissolved in the nitric acid of 1 mol/L.. The test solution was prepared diluting mother

solution of 25 g/L, to desired concentrations with 1 mol/L nitric acid solution.

For the standard solution in determining an analytical calibration curve, the
commercially available standard solution for atomic absorption spectrometry (1000

mg/L) was used.

@ Cerium(IV) Solution

Cerium(IV) was used as an oxidant to prepare the plutonium to be hexavalent?.
By dissolving di-anmonium cerium nitrate into the 2.2 mol/LL nitric acid solution, the
0.05 mol/L cerium(IV) solution was prepared. Addition of Cerium(IV) was determined
to be 2 ml (0.1 mmol/L) to the sample of 8 ml. This quantity added can completely

oxidize contained plutonium in the HATW to hexavalent.

® Plutonium nitrate Solution

The source plutonium solution (5.018 mgPu/g) was made by qualified standard
plutonium metal (CRM-126) after adjusted by gravimetric method. Plutonium taken
from the mother solution was diluted with the 2.2 mol/L. nitric acid to obtain the
solution of 279.4 mgPw/L. This was further diluted with nitric acid of the same
concentration, and then solutions of each plutonium concentration were prepared for

measurement.
The plutonium standard solution used in the HALW measurement was made

from the mother solution that had been already standardized and prepared to attain

desired concentrations.
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@  Synthetic HATW Plutonium Solution

The solution prepared by simulating the HALW at the Tokai Vitrification
Facility (TVF) was mixed with the source plutonium solution to prepare the synthetic
HALW solution containing plutonium. The constituents of the synthetic HALW are
shown in Table 4-1.

Table 4-1 Constituents of Synthetic HALW

Flement Concentration [102 Elomont Concentration [10°2

mol/L] mol/L]

Na 100 RE 25.8(g-oxide/])

P 1.63 T 0.87

Fe 17.4 Mo 0.94

Cr 25 Co 0.84

Ni 8.91 Ag 0.05

Rb 0.48 cd 0.056

Cs 2.14 Sn 0.039

Sr 1.14 Se 0.08

Ba 1.53 Te 0.37

® HATW Sample

The HALW generated at the Tokai Reprocessing plant includes sludge, fission
products and crud. As these coexistent materials may give influences on spectrum
measurement of plutonium(VD) such as fluctuations of the baseline due to irregular
reflection or absorption of range of the wide wavelength. They should be removed or
corrected. Effects of sludge could be removed by filtering. The effect of the fission

products, crud and others would be eliminated through adjusting of optical balance.

It was confirmed that the HALW measured in this study did not contain sludge,

therefore filtering was not necessary. It is, however, often found sludge in the HALW.
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5. Results and Discussion
5.1 System Performance Test Using Neodymium Solution
5.1.1 Spectrum Measurement of Neodymium
Neodymium spectrum was obtained on its concentration of 10-250mg/l.. The
results were shown in Fig. 5-1.
Each spectrum in the figure demonstrates the concentration dependency

between the neodymium concentration and the HPSP intensity.

These spectra were obtained by continuous measurement; however, the baselines
were not stable, so that it would be inappropriate to use reading of .the peak top as the
measured value without being corrected. As fluctuation in the baseline is due to the
principle of this method considered, it cannot be corrected by hardware. Thus an

approach from the software was examined in 5-1-2.

It should be noted that the unit of the HPSP intensity was given in a arbitrary
unit of “HPSP Intensity [-]". HPSP system measures a difference between the
reference light and the sample one. The value does not correspond to the absolute

absorbance.

HPSP Intensity[-]
'_l
i

0‘5 e e ""’k":_‘_‘_&_

0 =

740 760 780 800 820 840 860

Wavelength [nm]
woms ] () g /L ——100 mg/L 250 mg/L

Fig. 51 Spectrum of Neodymium(III) [5% Full Scale]
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5.1.2 Review of Baseline Correction Method
According to the principle mentioned in Sect;ion 3, this method considered does
ﬁot‘ measure the zero reference point (black in terms of the standard
spectrophotometer) so that correction of the zero point or the baseline would be
required. Previous review identified that the baseline considerably varied due to the
effects of the coexistent elements. Accordingly, application of the three-point method
(Fig. 5-2) to the HPSP spectrum was examined to calculate the peak intensity (HPSP

Intensity) after correcting the baseline.

Wavelength (three points) to calculate the peak intensity was evaluated from the
spectrum sﬁown in Fig. 5-2. Neodymium showed absorption at 795 nm. The baseline -
correction wavelengths were determined to be 770nm and 840 nm. The calculation
method of the peak intensity with using three-point (770, 795 and 840 nm) is shown in
Equation (5.1):

(840 = 795) - A, + (795 = 770) - Agyy
(840 - 770)

‘ANd = A5 =1 (5.1

= Aggs = Bags : _ 5.2)

Ao, Azgs, Asao: signal intensity at each wavelength (770 nm, 795 nm and 840

nm)

Bras: background signal intensity at 795 nm
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Calcuiated as the peak intensity
{HPSP Intensity)

Intensityl[-]

HPSP

770 795 840

Wavelength[nm]

Fig. 5-2 Concept of Three-Point Method for Nd Measurement

5.1.3 Review of Full Scale

Based on the three-pbint method described in 5-1-2, changes in measurement
results and conditions due to different full scales (see Attachinent 1 for detailed
information) were examined. Meaéurements were conducted at each sensitivity on
the neodymium solutions that were prepared within the range of 0~250 mg/l.. The
results were compared and reviewed fbr each exam_ilj.ation item. Conditions of
measurement are as follows: |

Full scale : 1,2 and 5%

Samples measured :  blank, neodymium standard solutions

(10, 50, 100, 200 and 250 mg/L).

Number of measurements: five for each sample (ten for Blank)

Calculation of the detection limits was subject to the definition of the IUPAC
(recommendation of 1976) (see Attachment 3). Fig. 5-3 shows the analytical curves

depending on different full scales, and Table 5-1 lists the results of measurement.
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Table 5-1 Measurement Sensitivity and Detection Limit at Each Scale

Full Scale 5% 2% 1% -
Measurement Sensitivity Low 4 > High
Range of Measured Nd

-2 -2 0-100
Concentrations [mg/L] 0-250 0-200
Range of Measured Wavelength 850-750 850-750 890-780
[am]
Uppe.rfLower Points correction for 840/770 840/770 820/780
baseline[nm]
Standard Deviation (Blank) 0.03 0.03 0.04
Sensitivity of Calibration Curve 0.0414 0.0405 0.0394
(dy/dx)
Detection Limit [mgPu/L] 2.20 2.22 3.27

These results showed a good relation with the signal intensity and the

concentration ranges corresponding to the all full scales measured. Upper limit of Pu

concentration is 100 mg/L.

In the base measurement spectrum explained in the procedures (3) in 3-4, nitric
acid was used as a reference. As the base spectrum of nitric acid has a gradient, both
ends of the wavelength to be measured are deviated at 1% full scale.

measurement was limited to the wavelength from 780 nm to 825 nm. (Refer to Fig.

5-4.)

Therefore,
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Fig. 5-4 Measurable Wavelength Ranges by Full Scale

The detection limit at 5% full scale measurement was found to be 2.5 mgNd/L,

approx. 0.1 mgPuwL when converted into the plutonium concentration.

5.2 Measurement of Plutonium Solution

5.2.1 Measurement of Plutonium Nitrate Solution

5.2.1.a HPSP Spectrum

Plutonium(VD) contained samples, prepared in 4.3, was measured based on

procedures given in 3-4 (D~®. The three-point method was applied to calculation of
the peak intensity of plutonium(VD) . The peak top was assumed 830.6 nm and the
baseline correction 840.6 nm and 820.6 nm. The peak intensity (HPSP Intensity) at
that time was obtained from the equation (5.3).

(840.6 —830.6) - A, + (830.6 ~ 820.6) - 4,
(840.6 —820.6) 5.3

APu = Asso.e _{

= Agsos — Basos (5.4)
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As30.6, As20.6, As10.6 ! signal intensity at each wavelength

{830.6nm, 820.6nm and 840.6 nm)

Bs3zos : background signal intensity at 830.6 nm
Samples measured ! blank, 1.11, 2.78, 5.56 and 11.1 mgPw/L
Acid concentration i 2.2 mol/LL

Number of measurement *  ten times each

Measurement sensitivity : 10% full scale

Range of wavelength measured :  800~860 nm (0.2 nm/Step)

An example of spectrum obtained by measurement is shown in IFig. 5-5.
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HPSP Intensity[-]

iy flans,,

Jatan200)

o
=

[~}

790 800 810 820 830 840 850 860 870
Wavelength[nm]
e 3 8 mg/L ==—==1.1 mg/L

Fig. 5-5 Spectrum of Plutonium(VI) [Full scale: 10%, Nitric Acid: 2.2 mol/L]

5.2.1.b Effects of Nitric Acid Concentration
The absorption coefficient varies depending on the wavelength of light and a

solvent (in this case acid concentrations). Influence of the nitric acid concentrations to
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the peak intensity were studied. Samples with the known concentration of
plutonium(4.5 mgPu/l.) were prepared by the nitric acid. Those concentrations are

9.0~4.0 mol/L.. Measurement Conditions were as follows:

Samples measured : 4.5 mgPu/L

Acid concentration : 2.0, 2.6, 3.3 and 4.0 mol/Lk
Number of meaéurem'eni_: : ten times each
Measurement sensitivity : 10% full scale

Range of wavelength measured : 800~860 nm (0.2 nm/Step)

. Results of measurement are shown in Fig. 5-6.

According to the figure5-6, it was found that the peak intensity of plutonium(VD)
decreased with an increase in nitric _acid concentrations. Approximately 14% difference
was found between 2 mol/l. and 4 moULAof acid concentration. Thus baséd on the
analytical curve prepared under the conditions of fhe acid concentration of 3 mol/L, the
error range would be about O.1~0.2 mgPu/L equivalent, when plutonium concentration

is 4.5 mgPuw/L.

It is known that plutonium(VI) takes forms of nitric acid ions, PuOzNOs*,
Pu0:2(NOs)e and PuO2(NOs)s in the nitric acid solution. The existence form of
plutonium(VI) depends on the nitric acid concentration in the solution. When the

nitric acid concentration increases, plutonium in the solution coordinates more NOs

ions.
Pu022t + NOy © PuQ:NOz* (5.5)
Pu02NO3+ + NOs © Pu02(NOs): (5.8)
Pu0:2(NOs)2 + NOs © PuO2NOs)x 5.7

Plutonium(VD)- exists as PuO:NOsand PuO=2(NOs): ions when the acid

concentration is 4 mol/L or less. If acidity is more than 4 mol/L, PuOz(NO3)' is formed,
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and PuO2(NQs)s becomes dominant at 10 mol/L. PuQO:NOsz* and Pu0O2(NO3s): show
absorption at 830 nm, and PuO2(NO3)s” at 812 nm. As the ratio of the existence form
~of plutonium{VI) changes with the nitric acid concentration higher, absorption at 830

nm is considered to be lower.

It is predicted from the past operating results that the nitric acid concentration

in the HALW (271E10, 20) will be around 3.0%£0.3 mol/L. When the concentration

changed by £0.3 mol/l,, the variation correspbnded with 4.5 mgPu/L,.+0.07 mgPu/l.

The uncertainty obtained from the iterated measurement in the 3 mol/L nitric acid was

4.5 mgPwWLE0.04 mg/L,. The combined uncertainty t_hat coﬁtributes to a variation of

nitric acid concentrations can be obtained by the following equation:

u(HNO%Pu _ \/(0,0%.5)2 +(0.0%5)z ~0.018 . (6.8)

w(HNO,) = C,, x0.018 = 4.5x0.018 = 0.08
Thus the uncertainty can be expressed as:4.5 mgPu/.+0.08 mgPw/L

0.60
Predicted Range of
Acid: Concepntration
i
>~ 0.55
4
-
5
o
1))
F]
(=]
[
o 0.50
0w
[+ 1)
=+
0.45 i
1.5 2.0 2.5 3.0 3.5 4.0 4.5

HNO;[mol/L]

Fig. 5-6 Relation between Acid Concentration and Peak Intensity
[Plutonium Concentration: 4.5 mgPu/L, Full Scale: 10%)
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522 Measurement of Plutonium in Synthetic HALW _
The actual HALW includes cruds, fission products (FP) and sludge. In order to
examine the effects of these coexistent materials and elements on the plﬁtonium(VI)
spectrum, Plutonium in the synthetic HALW solution were measured. Measurement

Conditions were as follows!

Samples ! blank (synthetic HALW), 1.1, 2.78, 5.56
and11.1 mgPu/L (in synthetic HALW)

Acid concentration . 2.2‘molfL

Number of measurement ! ten times

Measurement sensitivity I 10% full scale

Range of W-avelength measured ' 810~860 nm (0.2 nm/Step)

Reference ! synthetic HALW

The reference solution, which is necessary for the optical balance adjustment
between reference and sample, i1s important to HPSP measurement sg}stem. The
synthetic HALW was s selected as a reference to ensure elimination of the effects of the
coexistent matéﬁals. The balance adjustment of the base spectrum under the above
conditions could be performed within the rang-e of 10% full scale. Fig.r 5-7 shows an

example of the spectrum using synthetic HALW as a reference.

Similar to the results of measurement in 5-2-1, the measured spectrum indicated

that noise components with regular cycles overlapped on the spectrum. (The noise

with regular cycles is called as “systematic noise”, hereafter.)

The actual HALW samples may have different concentrations of the coexistent
elements for every batch. It is impossible to prepare suitable synthetic HLAW for
gach measurement. Accordingly, nitric acid was determined to be used as the
reference so that the balance may be adjusted flexibly. A method to adjust the optical

balance by the optical filter was examined.

The advantage of using the-nitric acid solution as the reference lies in a
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relatively flat spectrum of the nitric acid within the range of the wavelength measured,
which allows the balance adjustment of various samples only by the optical filter

control.

Taking into account of these considerations, modification was made to the
conventional system by installing the Circular Linear-Wedge Neutral Density Filter
(ND filter) that could control the transmissivity with a range of 0-100% to control the
light energy of the reference. This allowed balance adjustment to be accommodated
with the samples having the baseline of large absorption or those showing great
fluctuations in the baseline. The system was designed as a two-stage adjustment
structure first ND filter that could control the transmissivity of 0-100%(coarse) and
second one could control 0-10%(fine). The synthetic HALW samples with plutonium

were measured by the modified instrument.
Measurement Conditions were as follows:

Samples measured : blank (synthetic HALW), 1.0, 2.5, 5.0

and 10.0 mgPw/L (in synthetic HALW)
Acid concentration D22 moL’L. |
Number of measurement :  ten times each
Measurement gensitivity : 10% full scale
Range of wavelength measured © 810~860 nm (0.2 nm/Step)
Reference ! 3.0 mol/L nitric acid

Fig. 5-8 shows the spectrum of the optically adjusted balance with using nitric

acid as the reference.

According to Fig. 5-8, the obtained spectrum took a form of the plutonium
absorption peak overlapping on the convex shape baseline. The peak intensity was
calculated by three-point method at the same wavelength positions as the case of the
plutonium nitrate solution and calculates plutonium concentration by calibration curve

(Fig. 5-9). It was found that a correlation coefficient was not good compared with the
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measurement result of the plutonium nitrate solution.

Since there was a possibility that the base line correction by three-point method
was inappropriate to the spectrum, linear differential was performed on the synthetic
HLAW spectrum and the wavelength for the base line was determined. Fig. 5-10 and

5-11 show the results for the spectrum of 1 and 2.5 mgPu/L, respectively.

The linear differential curve of the 2.5 mgPu/Li spectrum clearly indicates its
peak, while the 1 mgPw/L spectrum shows a very small peak, but does not clearly
present the position (wavelength) for baseline. When logking into the linear
differential curve of the 2.5 mgPuw/lL in detail, it is considered most adequate to
determine the peak wavelength at 830 nm, taking the lower peak point at 823 nm and
the upper peak point at 837 nm. Results of the peak intensity calculation by using the

three-point method with these wavelengths selected were:

(837 —830) - 4;,, + (830 -823)- A,

v (837 - 823) 6.9
Aszo, As2s, Assr ! signal intensity at each wavelength (830nm, 823nm
and 837 nm)
Bsao : background signal intensity at 830 nm

The peak intensity calculated from the above equation was used for obtaining
the calibration curve. The correlation coefficient was R2= 0.9946, which showed better
correlation. IFor measuring samples, whose baseline will fluctuate or peak will deviate
from the set value, it is necessary to determine the three wavelengths at the peak and

upper and lower points.
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5.3 Improvement of Spectrum S/N Ratio by Data Analysis

The figure shows that a relation between the plutonium concentration and
intensity were existed; however, systematic noise components were observed on the
spectrum in every wavelength. HPSP system was designed to be high sensitivity,
which cannot be measured by the conventional spectrophotometry, therefore it is
indispensable to remove such cyclic noise components in order to improve the S/N ratio.
Motors and other parts of the instrument that may transmit cyclic signals were
checked, but noises during measurement could not be eliminated. Therefore, a

method to remove them by data processing after the measurement was studied.

Systematic noise components overlap on the measured spectrum of plutonium in
the synthetic HATW, This leads to an unfavorable S/N ratio when a sample is a very
low concentration on the order of mg/L. As this noise did not changed by time, it was
not derived from convection or accumulation in the sample, but specific to the system.
It could not be removed during measurement and thus an attempt was made to

eliminate it by the spectrum data analysis. Calculation methods chosen were the
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Data accumulation method, simple moving average method and Fourier transform

analysis.

Fig. 5-12~5-20 show the spectrum after calculation. Fig. 5-21 and 5-22 indicate
the relation between the HPSP intensity and the concentration after calculation.
Tables 5-2 and 5-3 list the detection limits elvaluated by a combination of each
calculation method. (As for Fourier transform analysis, the analytical method with

using the actual data is described in Attachment 4.)

5.3.1.a Data Accumulation Method
The data accumulation method is to repeat the measurement for a number of
times, and then averages absorbance for all scanning. This method does not require
differences of frequency characteristics between signals and noises, showing high
ability to detect signals. ‘However, it is only applied to repeatable measurement.

When the measurement was done N times, the S/N ratio will theoretically increase by

JE times.

Ten times accumulation was found to be enough for this method. The method is
popular in the field of the spectrﬁm analysis and does not require complicated
operations. As for the measurement results random noise was decreased, however,

systematic noise was not decreased.

5.3.1.b Simple Moving Average Method
The simple moving. average method smbothes the obtained wave form by
applying the rectangular weight function. Assuming the inp_ilt signal as n numbers of
discrete values x(@) (here, i= 'm, -+, -1, 0, 1, -, m), ;‘Weight function,” w(@), (here, i= -m,
s -1, 0, 1, -, m) that consists of M= 2m+1) numbers of discrete points was used to

calculate a smoothed value y(@*

| A A
- L Su{i)alie )

¥(i)
w= Sw(j)

f=rm

iI=m+lm+2,- - nrm (5.11)
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The “weighting function” of the simple moving average can be expressed in the

typical diagram shown below:

W) .
A

When the discrete point is assumed to be 5, the equation becomes:

X = xm—z +xm—1 +xm +xm+1 +xm+2

m 5

(5.12)

The simple moving average method allows calculation by simple operations. It
showed godd results in noise removal (decrease). Compared with the data
accumulation method, a decrease in the noise components was clearly observe’d in the
all concentration ranges. This method also significantly improved precision in the low
concentration ranges. Furthermore, distinct imprqvements of precision were
c'onﬁrﬁéd in other concentration ranges. It was found that this is one of the effective

methods to analyze the HPSP spectrum.

5.3.1.c Fourier Transform Analysis
In general, the Fourier trgnsform refers to fluctuations of the spectrum on the
time axis interpreted into the frequency axis in cyclic terms. With assuming the real

flx) and the imaginary #(u)

FODHW or Fuo)=FTf®] EERGREY

The Fourier transform used here is the fast Fourier transform (FFT) which
improves the processing capability of the discrete Fourier transform, a digital

processing method.
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Definition of the diserete Fourier transform is briefly explained below.

The discrete Fourier transform (DFT) to the data sequence of N numbers [X(m/)=

X)) X(1), X(2), - X(N-1) is defined as follows:

( )="11\}'Nz ( ) —i2mkanf N k=0,1,2," """ V1 . (5.14)

Here,

W = e ¥ (5.15)

- Wdenotes the phase factor, and is expressed as

. 2
W = % o cos—;\r—-—isin? (5.16)

- Moreover, the following abbreviations are used:
X(m)DY(k) or Y(k)=FT[Xx{m)]

Equﬁtions (5.14) and (5.16) lead to

2”;"")1;:0,1,2, ----- N1 (517

ZI»—*

NZX (cos Zram —isin
() B(k)

2then (5.18)

Al)- ”g(')

z|~

2 hen (5.19)

Blk) =7 3 X () sin
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According to equation (5.17), the result of DFT consists of the data sequence

iﬁcluding real part and imaginary part.

Calculating X(m) from Y(k) inversely is possible by inverse discrete Fourier
transform:

Inverse Fourier Transform }{k)

Fourier Transform
b 40%) p X(m)

The fast Fourier transform developed by Cooley and Turkey in 1965 is a
calculation method that succeeded in considerably shortened calculation time. If the
number of data, &V, is the second power, the data is divided into two, each of which is
calculated with using the data divided into two, and finally reduced to the data number
2. Calculation time is reduced considerably using the previous results and caleulating

regressively, compared with the conventional calculation method (VX AJ.
The Fourier transform has the following characteristics.

“Calculation by the Fourier transform could reduce the noise components of the
HPSP spectrum, resulting in improvement of the S/N ratio. The good relation
between the concentration and the peak intensity after calculation was found. It
would be noted that the Fourier transform was an excellent method to separate the
signal components from the noise components. However, it currently requires many
manual operations. Thus this method should be developed into a program in order to

é.pply to the routine use.
According to Fig. 5-12~5-20, a combination of the data accumulation method and
the simple moving average method is effective to the spectrum of every concentration of

the pure plutonium solutions and the synthetic HALW with plutonium samples.

Detection limits of the three analytical methods were calculated following the

IUPAC recommendation in 1976. As for the number of measurements of blanks to
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calculate detection limit, the IUPAC recommends 20 times, but we adopted nine in this

measurement.

Fig. 5-21 and 5-22 show a good relation between plutonium concentration and
the intensity after calculation. The detection limit of a combination of the data
accumulation method and the simple moving average method came at 0.074 mgPuw/L
(corresponding to approx. 1.5X10¢ abs), which achieved the best result in all the
methods applied. This value is about two orders of magnitude lower than that of
conventional spectrophotometry. In addition, a combination of the data accumulation
method and the Fourier analysis provided the detection limit approximately 30% lower

than that obtained by data accumulation method.
Compared with Pu measurement results in the pure Pu solutions, Pu

measurement in the synthetic HALW was not obtained accurate and sensitive results,

due to effects of the coexistent elements, and its detection Limit was 0.2 mgPu/L.
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Table 5-2 Detection Limit and Lower Limit of Determinafion of Plutonium

in Nitric Acid Solution
‘DAM DAM+SMAM DAM+FTA
Sta“dar‘% SI)) eviation 1.03E-02 4.35E-03 7.24E-03
3*s 3.09E-02 1.30E-02 2.20E-02
10%s 1.03E-01 4.35E-02 7.24E-02
Sensitivity (9 1.76E-01 L77E-01 1.77E-01
Lower Limit of 0.584tagPu/L, 0.246mgPwL, 0.410mgPwL
Determination

DAM: Data Accumulation Method
SMAM: Simple Moving Average Method

FTA: Fourier Transform Aﬁalysis

Table 5-3 Detection Limit and Lower Limit of Determination of Plutonium in -

Synthetic HALW
DAM DAM+SMAM
Standard Deviation (s) 1.33E-02 7.50%-03
3*s 3.99E-02 2.24E-02
10%s 1.33E-01 7.50E-02
Sensitivity (9 1.23E-01 1.23E-01

Determination

1.083mgPu/L

0.609mgPu/L

DAM: Data Accumulation Method
SMAM: Simple Moving Average Method .
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6. Application to the Actual HALW solution
6.1 Measurement Scheme
Plutonium concentration in the HALW at the Tokai Reprocessing Plant would
exceed the dymamic range of this system, the samples were diluted before

measurement. Fig. 6-1 shows the measurement procedures.

Distributing injectors were used for HALW solution and standard solution

taking, and auto burets for adjusting the volume.

The aliquot of HALW, 1 mL, was taken from the sample vial. As the standard
addition, 0.5 or 1 mL plu.tonium standard solution was added. The calibration curve
method was prepared and measured with assuming the same as the 0 mL standard
addition. Cerium (IV) of 2 mL (0.1X 103 mol) was added as an oxidant. After the
volume was adjusted to 10 mL by 3.0 mol/L nitﬁc acid, the sample was introduced into

the flow type of sample cell for the measurement.

Component Condition for measurement were:

Measurement sample HALW (272V14)
Measurement sensitivity o 10% full scale
Sensitivity of lock-in amplifier 220 mV
Number of measurements five times

Spectrum caleulation

Range of wavelength measured

data accumulation method +
simple moving avefage method

800~860 nm (0.2 nm/Step)
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l
Sampling] 1mL
$
Standard Addition]  050r imL
J
Addition Ce(IV)]  2mL ©0.1mM0
{

Adjusted to 10 mL Auto Buret by 3moV/L nitric acid
d
Standing]
l
Measurement of HPSP

Fig. 6-1 Flow sheet for HALW Measurement

6.2 DBaseline Correction
In 5-2 correction of the baseline was examined for measurement of plutonium in
the synthetic HALW. However, the baseline of the actual HALW sample can not be
estimated due to different concentrations of coexistent elements, especially necdymium
in this case. Thus the three-point method should be used determining for Pu

concentration.
In this study, the three wavelength, for Pu peak wavelength and base line

correction wavelength were determined from the linear differential curve which plotted

the linear differentials of the spectrum obtained in order to calculate the HPSP
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intensity from the spectrum.

Plutonium Standard Sample
Fig. 6-2 indicates the spectrum of plutonium standard sample and its differential

spuctrum.

HPSP Intensity([-]

_3 § | w=——m=pu-STD Spectrum

Linear Differential Curve

Wavelength [nm]

Fig. 6-2 Spectrum and Differential Spectrum of Plutonium Standard

According to Fig. 6-2, the peak top was determined to be the wavelength at
which the linear differential value reached or passed zero, and 829.8 nm found to be
satisfied this condition. Two points before and after the peak top were assumed to be
the wavelength at which the linear differential values approached zero as close as
possible and a variation of the value remained constant. In this case, 819.8 nm and
839 nm were selected. The equation of the HPSP intensity calculation with using the

three-point method determined by the linear differential curve is shown below:
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(839.8 -829.8)- 4,5, +(829.8-819.8)- 4,
Ap, = Agyo - (839.8 — 819.8) 6.1)

= Agr05 ~ Bypos (6.2)
Asgos, Asi9s, As3ss :  signal intensity at each wavelength  (829.8 nm,
819.8 nm and 839.8 nm)
Bazos : background signal intensity at 829.8 nm

HALW

Fig. 6-3 shows the HALW spectrum and its linear differential curve.

According to Fig. 6-3, the peak top was determined to be the wavelength at
which the linear differential value reached or passed zero, and 829 nm satisfied this
condition. As for the two points before and after the peak top, the point which passed
zero was selected for the shorter wavelength, and the point which approached zero as
close as possible with a variation in values before and after the point remaining
constant was determined for the longer wavelength. In this case, 823 nm and 840 nm
were selected. The equation of the HPSP intensity calculation with using the

three-point method determined by the linear differential curve is shown below:

(840 - 829) 4,,, + (829 - 823)- A,,,
(840 - 823)

Ap, = Agg = { (6.3)

= Agyo — Bgyg _ (6.4)

Agag, Asos, Asdo : signal intensity at each wavelength
(829 nm, 823 nm and 840 nm)

Bsoo : background signal intensity at 829 nm
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Fig. 6-3 Spectrum and Linear Differential Curve of HALW

6.3 Determination by Calibration Curve Method
Based on the principle of measurement of this system, it is impossible to
measure absolute values of elements, and thus an amount of plutonium in the HFALW
was determined by the analytical curve method. The analytical curve used in this
section was developed by referring to the results obtained through preparation and

measurement of the plutonium standard solution in a desired range of 0~20 mgPu/L.

Fig. 6-4 and 6-5 show the analytical curve and the HALW spectrum, respectively.

Within a range of 0~20 mgPu/L, the analytical curve indicated a good linearity
with the correlation factor (R?) of 0.9999. The measured blank provided a minus value,

but this did not interfere measurement in particular.

Table 6-1 lists the results of the intensity calculated by the three-point method
described in 6-2. Though differences were seen between two measurements (30%
difference), the plutonium concentration in the HALW, which was obtained from the
analytical curve that used the averaged measurements, was 14 mgPwL. With the

dilution magnification multiplied, the plutonium concentration in the undiluted HALW
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was calculated to be 115 mgPu/L.

Fig. 6-5 indicates that the entire spectrum has a gradient. This is caused by a

large amount of neodymium that coexisted in the HALW,

Téble 6-1 Pu Measurements in HALW

Sample No. 1 2

823 1.27 1.98

829 2.63 3.78

840 -0.12 0.03

Intensity 1.93 | 2.60

Pu conc. (mg/L) 12.3 16.5
Average (mg/L) 14.4

1.5

, y = 0.1628x | 0.0799 /é
R = 0.9999 /

2.5

2 /

HPSP Intensity[-]

0 5 10 15 20

Plutonium Concentration[mg/L]

Fig. 6-4 Calibration Curve of Plutonium(VI) in Nitric Acid Solution
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Fig. 6-5 Plutonium(IV) Spectra in HALW

6.4 Determination by Standard Addition Method
To compare with the calibration curve method described in 6-3, the plutonium
standard solution was added to the HALW solution.
Kach spectrum after calculation is given in Fig. 6-6. The results of

measurement and their plotted graph are shown in Table 6-2 and Fig. 6-7, respectively.

Fig. 6-6 shows that absorption of plutonium(VI) increases in proportion to
plutonium standard solution added. The pluton'ilim concentration was 11.5 mgPu/L,
obtained from the Fig. 6-7. The plutonium concentration in the undiluted HALW was
calculated to be 92 mgPw/L.
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Table 6-2 Results of Measurement of HALW by Standard Addition Method

Standard addition 0 0.5mL (6.25mg/L) 1.0mL (12.6mg/L)
Sample No. 1 2 1 2 1 2
823nm 1.27 1.98 2.09 2.46 2.82 2.65
829nm 2.63 3.78 4.84 5.834 6.64 6.48
840nm -0.12 0.03 -0.16 0.05 0.37 0.28
Intensity 1.93 2.60 3.68 3.88 4.83 4.81
Average 2.26 3.78 4.82
1¢
Without Standard Solution Added
8 \\ ====gtandard Soluticn Added <6.25mg/L>
\ Standard Solution Added <12.5mg/L>
'l->1 6 \ ‘w"‘\ -
:::: \\Q\‘ L~
g \\ . ) ﬁﬂi}.
Q 4 ;
D =, }K/
E; \\a@ # /\
&
B 2 = \
;:‘f ‘.& i
0 e . . "
-2 : . . : :
800 810 820 830 840 850 860
Wavelength [nm]

Fig. 6-6 Spectra in Standard Addition Method



JNC TN8410 2001-017

vy = 0.2042x + 2.3424

R? = 0.9972 /

.Y

EPSP Intensityl[-]
\

o« k

-13 -8 -3 2 7 12
Standard Solution Added [mg/L]

Fig. 6-7 Determination of Plutonium in HALW by Standard Addition Method
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7. Demonstration to JAEA

Demonstration of the HPSP to the JAEA was held at the analytical laboratory in

the Tokai Reprocessing .Center on May 12, 2000 to compare the spectra with those of

the conventional spectrophotometer (SP). The results are reported below:

Contents

Samples shown in Table 7-1 were prepared. Spectra were measured by HPSP

and SP to compare and review the results. Fig. 7-1 shows preparation of each sample.

Table 7-1 Samples for Demonstration to TAEA

1.3 mgPu/LL 6.6 mgPuw/L
Nitric Acid Solution O A
Synthetic HALW Solution O YA
HALW (Pu removed) Q A

* Pu concentrations listed are the final ones after preparation.
O for HPSP measurement

A for SP measurement
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|: Nitric Acid Solution |
: 2ml (+4m!l Cleaning water)

- [ Adjustment of Pu Valence | <4——— Ce(IV) :2ml

v

| Counstant volume | : 15mL (3mol/L nitric acid)

v

f Measurement [

[ Synthetic k

| Adjustment of Pu Valence | «————— Ce(IV) :2ml

v

| Constant Volume | | : 15mL (3mol/L nitric acid)

v

| Measurement |

ALW]

: 2ml (+4ml cleaning water)
Pu Addition : 2ml (+4ml cleaning Watef)

v

| Adjustment of Pu valence | < ~ Ce(IV) :2ml
| Constant Volume | : 15mL (3mol/L nitric acid)
| Measurement |

Fig. 7-1 Scheme of Sample Preparation
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Results
Fig. 7-2 and 7-3 show the results of HPSP measurement and those of SP

measurement, respectively.

The FPSP measured the three types of samples (nitric acid solution, synthetic
HALW solution and HALW) to which a low concentration plutonium (1.3 mgPw/I)} was
added. The SP measured the samples of the same conditions as those of the HPSP,
but could not detect the significant peak of plutonium(VI) . Thus three types of
samples (nitric acid solution, synthetie I—IALW solution and HALW) to which plutonium

with a concentration of 6.6 mgPuw/L was added were subject to measurement.

In the HPSP faeasurement, significant peaks could be identified in the nitric
acid solution and the synthetic HALW solution, while effects of neodymium, the
coexistent element, prevented detection of a significant peak in the HALW. This
revealed that detection of plutonium with 1 mgPwL or below in the HALW would be
difficult. -

In the SP measurement, samples of a concentration by about five times (6.6
mgPwL) greater than the HPSP measurement were used, and significant peaks could
be obtained. These results confirmed that the SP could be applied to the HALW

samples prepared up to a concentration of approximately 5 mgPu/L.
According to the above results of measurement, it would be appropriate to use

the HPSP for measurement of a low coneentrated plutonium and the SP for a high

concentrated plutonium.
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8.

Conclusions
The following findings were obtained in this study:

This system was applicable to measurement on sample solutions.

Remote operation and measurement could be performed by the system consisted
with an optical fiber for transmission of the incident and transmitted lights.
Measurement with higher sensitivity by utilizing the characteristics of the lock-in

amplifier was possible.

The sensitivity did not give significant effects on the detection limit.

The detection limit was calculated to be 0.07 mgPwL for the pure plutonium
solution and 0.2 mgPu/L for the synthetic HALW. _
In measuring an unknown sainple, it is recommended thaf the form and coexistent
materials be previously identified, and that the full scale could be adjusted to
5~10%.

A combination of the data accumulation method and the inoving average method
was effective in smoothing the spectrum which showed the relatively degraded S/N
ratio due to noises generated during measurement.

The neodymium spectrum contained as the coexistent element gives effects on the
HALW measurement, but use of the three-point method eliminated potential
problems occurred in the peak intensity calculation.

Use of nitric acid as the reference allowed the optical balance to be adjusted only by
the opti_cai control.

Effects of acid concentrations on‘ measurement were negligible as the acid
concentration of the actual HATW solution. ‘
The system is considered applicable, as plutonium samples with very low

‘ }
concentrations in a higher accuracy.
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Attachment 1 Sensitivity of Measurement

Sensitivity of measurement for the HPSP system refers to a value of full scale
allocated to the data which was inputted to the alternate current amplifier (& in Fig.
2-2, hereafter called lock-in amplifier) during measurement of the signal intensity.
The full scale expresses a scale of longitudinal range used in measurement. Based on
the assumed concentration of the element to be measured, the signal intensity (voltage) |
taken into the lock-in amplifier is controlled and then the full scale is allocated so that

the intensity/V may be as low as possible.

In measuring a sample with larger absorption (higher concentration), the larger

(lower sensitive) full scaie should be established.

Controlling the full scale helps obtain the data with the same resolution with
regardless of the degree of absorption. This contributes to measurement with high
sensitivity even on a sample showing very low absorption, attaining measurement of

the absorbance range that the conventional spectrophotometry normally cannot detect.
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Attachment 2 Calibration Setting of High Performance Spectrophotometry
(HPSP) |

1. Start-up the system.
. Power on the system, and set the controller as follows:
HALOGEN: ON
DETECTOR: MODE/MANUAL Si
METER SELECT: DC AMP
MONOCHRO: MODE/FREE
FILTER: --------
2. Set the wavelength of monochrometer to [400 nm].
3. Close the shutter of the light source converging system. (PULL)
Control [DC AMP ZERO ADJ] so that the digital paﬁel meter of the controller
may display [OV].
Open the shutter.
. Turn the sample light shutter of the double beam optical system to [CLOSE}.
Tune the ND filter counter to [00.00]. |

N e oo oa

Control the slit provided at the incidenf_/outgoing inlet of the monochrometer so
that the digital panel meter may indicate [0.25] (slit width is about 1~2 mm as a
yardstick).

8. Turn the METER SELECT switch to LOCK-IN.

9. Control SENSITIVITY of the lock-in amplifier so that the digital panel meter
may indicate [5V] (slit width is about 112 mV as a yardstick). Input the value
of sensitivity shown into the PC. Tune the PHASE at the same time.

10.  Open the sample light shutter.

11.  Set the wavelength of monochrometer to [550 nm].
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Attachment 3 Calculation of Detection Limit

According to the TUPAC definition (Recommendation in 1976), the following
correlation is obtained with assuming a concentration of the material for determination,

¢, and the peak intensity, x°
x=gle)

Within a range of the analytical curve showing a linear form, the sensitivity, S is

assumed to be a ratio of xto a change of ¢, and expressed as:

dx

" de
When a minimum detectable value of the object material is assumed to be O, its
value is determined by the minimum value of xz of x that is detected with a sufficient
certainty:
X, =X, +3s,
Here, ;b refers to the average of the blank value x», and sb is the standard

deviation of x». If the sensitivity S takes a linear form within the concentrations to be

measured, the detection limit Cr can be obtained by: .
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Attachment 4

1. Obtain the HPSP data.

Fourier Analysis with Using Actual Data

Wavelengt
hlnm] Data
'855.8 -0.39101
855.6 -0.38943
855.4 -0.40647
855.2 -0.403
855.0 -0.38596
805.6 -0.36418
805.4 -0.35661
805.2 -0.35219
805.0 | -0.36103
804.8 -0.3585

HPSP Intensity
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Fig. Plutonium(VI) Spectrum by HPSP

2. Determine the data number &, centering on the peak of spectrum.

N=2r»

* In this case 256 points

3. Perform the fast Fourier transform.

* Execute through the analysis tool command of Microsoft’s Excel.

It is outputted in a form of Y(&)= A& —iBk).

Fast Fourier Transform (FF'T)

|776.1339890933333
-17.5614585497584+2.22992219906144i
14.2485935263582+0.5842127047459821
-11.761284305286+0.9052344588615341
7.10954204274748+0.2818196910580891
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-4.5171153208858-0.7137919102908361
7.10954204274748-0.2818196910581191
-11.761284305286-0.9052344588614671
14.2485935263582-0.5842127047460521
-17.5614585497584-2.229922199061341

4. Plot the results by separating the real part (A(k) from the imaginary part (Bk).

FEAL PART - IMAGINARY PART

If the figure pattern is symmetric to the origin, such as Lorentzian curve, the
DFT .ﬁppears only in the real part, while in the pattern asymmetric to the origin the
DFT appears in both the real and imaginary part. In this study, the data that were
nearly symmetric to the origin were sampled, so that the DFT rarely appears in the
imaginary part, though not impossible. Therefore, noise components are considered to

be included in the imaginary part.

In addition, portions pointed by arrow appear irregularly, and thus they are

1ikely the noise components.
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5. Based on the above resulis, remove the noise components.
Fast Fourier Transform (FFT) Removal of Noise Components
-76.1339890933333 -76.1339890933333

-17.5614585497584+2.229922199061441 -17.5614585497584+2.2299221990614401 |

14.2485935263582+0.584212704745982] |-

-11.761284305286+0.9052344588615341
7.10954204274748+0.281819691058089i 7.109564204274748+01

-4.5171153208858-0.7137919102908361 -4.5171153208858-0.7137919102908361

7.10954204274748-0.281819691058119i | [7.1095
-11.761284305286-0.905234458861467i |  |-11.761284305286-0.905234458861467

14.2485935263682-0.6842127047460521 |~ |L
-17.5614585497584-2.22992219906134i -17.56614585497584-2.229922199061341

6. Plot the data after the inverse Fourier transform.

Fig.

HPSP Intensity
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Plutonium(VI) Spectrum by HPSP after Noise Components Removed by FFT
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At last, the inverse Fourier transform was performed to return the spectrum to
the original form. It was impossible to remove the noises completely.  As these tasks
will take much time if these procedures are followed Sequentially, it is necessary to

prepare macro or others beforehand.



