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Rezumat: Scopul acestui studiu este de a estima incertitudinea metodei de masurare a concentragiei de
deuteriu Tn apa grea cu spectrometria in IR. Un total de 8 probe de apa grea au fost preparate, in
domeniul concentratia de la 99,165 la 99,924% D0, folosind standardul primar de apa grea de 99.961%
D,O obyinut de la AECL si o cantitate corespunzatoare de apa ultrapura. Concentragia de deuteriu n
probele de apa grea a fost calculata prin metoda gravimetrica. Spectrometria in IR este utilizata pentru a
inregistra spectrograma n IR a apei grele. Pentru a construi curba de calibrare a fost folosit un
spectrometru In IR si aceste probe ca standarde. Acest aparat nu este in masura sa aduca proba la o
temperatura prestabilita, dar temperatura poate fi pastrata la o anumita valoare folosind instalasia de aer
condigionat. Deasemenea, a fost estimata incertitudinea de masurare a metodei. Aceasta valoare este
mica Tn comparatie cu incertitudinea estimata in cazul metodei de masurare cu densimetrul vibrasional,
astfel Tncat spectrometria in IR poate fi utilizata in intervalul de concentrayii de deuteriu in apa grea mai
mari de 99% D,0, unde este necesara o precizie de masurare foarte buna.

Cuvinte cheie: D,0, apa grea, concentragie de deuteriu, spectrometrie in IR, incertitudine de masurare.

Abstract: The aim of this study is to estimate the uncertainty of the IR spectrometry method in heavy water
concentration measurement.A total of 8 samples were prepared over the concentration from 99,165 to
99,924 % D0, using D,O primary standard of 99.961% D,O obtained from AECL and appropriate
amount of ultrapure water. The deuterium concentration of heavy water samples was obtained using the
gravimetric method. The IR spectrometry method is used to record the heavy water IR spectrogram. An IR
spectrometer was used to build a calibration curve, using these samples as standards. This device is not
able to bring the sample at a preset temperature, but the temperature can be kept at a certain value with
the air conditioning. The uncertainty of the method was estimated. This value is low compared with the
uncertainty estimated with the vibrational densimetry method, so this method can be used in the range of
deuterium concentrations higher than 99% D,0 mass, where it is necessary a very good measurement
accuracy.
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1. INTRODUCERE 1. INTRODUCTION

Reactorul CANDU a fost proiectat de The CANDU reactor was designed by

Atomic Energy Canada Limited (AECL), ca o
alternativa la alte modele de reactor care
folosesc uraniu usor Tmbogatit (2-5% U-235).
Reactorul CANDU este alcatuit dintr-un vas
orizontal, care are tuburi pentru barele de
combustibil si pentru apa de ricire (apa grea). 1

Atomic Energy Canada Limited (AECL) as an
alternative to other reactor designs which use
slightly enriched uranium (2-5% U-235). The
CANDU design consists of a horizontal vessel
which has tubes for the fuel rods and cooling
water (heavy water). Around these tubes is



jurul acestor tuburi este apagrea, care actioneaza
ca moderator pentru a Incetini neutronii (Bennet,
1972). Apa grea este formatd din 2 atomi de
deuteriu (izotopul non-radioactiv al
hidrogenului) si 1 atom de oxigen. Apa grea este
mult mai eficienta ca moderator decat apa,
permitand astfel utilizarea uraniului natural drept
combustibil. Apa grea se obtine Tn instalatii
speciale care imbogatesc apa din surse naturale
cu deuteriu (West et all, 2001).

AECL, fabricantul reactoarelor de tip
CANDU, a furnizat aceste reactoare atat
Canadei, cat si altor tari ca Argentina, India,
Korea, Pakistan, China si Roméania
(INTERNATIONAL ATOMIC ENERGY
AGENCY, 1970).

Spectroscopia in IR cu transformata Fourier
este 0 metoda analitica excelenta pentru
masurarea deuteriului din apa grea. Ea prezintd o
foarte buna acuratete si este foarte stabila.
Spectroscopia FT-IR (Choi et al. 2003) este, de
asemenea, o tehnicd noninvaziva, nedistructiva
si nu foloseste agenti chimici. Spectrometrul Tn
IR poate masura concentratii de deuteriu Tn apa
grea de la 0,01% péana la aproape 100%.

2. PARTEA EXPERIMENTALA

2.1 Prepararea probelor

Etaloanele secundare de apa grea au fost
obginute prin  metoda gravimetrica iar
concentratiile lor au fost calculate folosind
formula:

m

etalon _ primar x etalon _ primar

heavy water, which acts as the moderator to
slow down the neutrons (Bennet, 1972). Heavy
water consists of 2 atoms of deuterium (a non-
radioactive isotope of hydrogen) and 1 atom of
oxygen. Deuterium is much more efficient as a
moderator than light water, thus allowing the use
of natural uranium as a fuel. Special processing
plants are used to obtain the heavy water by
improving the water from natural sources with
deuterium (West at all, 2001).

AECL, the manufacturer of CANDU
reactors, has provided these reactors to Canada
and also to other countries such as Argentina,
India, Korea, Pakistan, China and Romania
(INTERNATIONAL ATOMIC ENERGY
AGENCY, 1970).

Fourier  Transform  Infrared (FT-IR)
spectroscopy is an excellent analytical method to
measure D,O concentration. It shows a very
good accuracy and it is very stable. FT-IR
spectroscopy (Choi et al. 2003) is also a non-
invasive and non-destructive technique without
using any chemical reagents. The Infrared
Spectrometer could measure D,O concentrations
in water from 0.01% to almost 100%.

2. EXPERIMENTAL

2.1 Sample preparation

The secondary standards were made by the
gravimetry method and the concentrations of the
secondary standards that have resulted were
computed using the formula:

+ mapa_ultrapura x Capa_ultrapura

C

etalon _secundar _apa_grea —

Au fost preparate 8 probe de apa grea cu
concentratii cuprinse Tntre 99,165 si 99,924%
D,O folosind etalonul primar de apa grea de
99,961% D,0 obtinut de la AECL si 0 cantitate
corespunzatoare de apa ultrapura cu concentratia
de 0,0144% D,O. Pentru a minimiza erorile
analitice Tn prepararea probelor, pentru cantarire
a fost folosita o balanta electronica cu patru
zecimale, Sartorius BP 210 S, care este destul de
sensibila. Apa grea trebuie manuita cu atentie,
astfel Tncat sa se evite contactul direct cu aerul,
deoarece se depreciaza foarte repede, facand
schimb izotopic. De aceea, probele, care sunt
etaloane secundare, au fost incarcate in seringi si
foarte bine amestecate.

2.2. Metoda spectroscopiei Tn IR cu
transformata Fourier

etalon _ primar

+m

apa _ ultrapura

A total of 8 samples were prepared over the
concentration from 99,165 to 99,924% D0,
using D,O primary standard of 99,961% D,O
obtained from AECL and an appropriate amount
of ultrapure water of 0,0144% D,O. in order to
minimize the analytical error in sample
preparation, all the samples were weighed by
electronic balance with four decimals, Sartorius
BP 210 S, which is quite sensitive. Heavy water
must be handled so as to avoid direct contact
with air because it depreciates very quickly,
making isotopic exchange. Therefore, the
samples, that are actually secondary standards,
were loaded into syringes and were very good
mixted.

2.2. FT-IR Spectrometry method
The main part of an FTIR spectrometer is



Partea principala a unui spectrometru in IR
cu transformata Fourier este interferometrul
(Stuart, 2004). Tn figura 1 este reprezentat un
interferometru  Michelson cu oglida plana.
Radiatia infrarosie de la sursa este colectata si
colimata (transformata fTn fascicul paralel)
fnainte de a lovi beamsplitter-ul. Tn cazul ideal,
beamsplitter-ul transmite jumatate din radiatie si
reflecta cealalta jumatate. Ambele raze, cea
transmisa si cea reflectatd, cad pe oglinzi, apoi
sunt reflectate Tnapoi spre beamsplitter. Astfel,
jumatate din radiatia infrarosie care in final trece
prin proba, a fost mai Tntdi reflectata de
beamsplitter catre oglinda mobila si apoi inapoi
catre beamsplitter. Cealalta jumatate din radiatia
infrarogie care trece prin proba a trecut
prin beamsplitter catre oglinda fixa si apoi
fnapoi catre beamsplitter. Modificind pozitia
oglinzii mobile se obgine fenomenul de
interferenta.
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the interferometer (Stuart, 2004). A Michelson
type plane mirror interferometer is displayed in
Figure 1. Infrared radiation from the source is
collected and collimated (made parallel) before
it strikes the beamsplitter. The beamsplitter
ideally transmits one half of the radiation, and
reflects the other half. Both transmitted and
reflected beams strike mirrors, which reflect the
two beams back to the beamsplitter. Thus, one
half of the infrared radiation that finally goes to
the sample has first been reflected from the
beamsplitter to the moving mirror, and then back
to the beamsplitter. The other half of the infrared
radiation going to the sample has first gone
through the beamsplitter and then reflected from
the fixed mirror back to the beamsplitter. When
these two optical paths are reunited, interference
occurs at the beamsplitter because of the optical
path difference caused by the scanning of the
moving mirror.

oglinda 2

Fig. 1 Schema interferometrului Michelson
Fig. 1 Michelson interferometer scheme

Legea Bouguer—Lambert—Beer (de obicei
numita simplu legea Beer) este legea
fundamentala Tn spectroscopia cantitativa si este
obtinuta din analize instrumentale (Griffiths and
Haseth, 2007). Transmitanta in cazul oricarei
probe la un numar de unda © este data de
raportul dintre energia radiatiei emergente, 1(0 )
(cea care a trecut prin proba) si energia radiagiei
incidente, 1o(0) (cea care cade pe proba).
Transmitanta unei probe pure cu grosimea b

(cm) la un numar de unda v este data de legea

The Bouguer—Lambert—Beer law (usually
called simply Beer’s law) is the fundamental law
of quantitative spectroscopy and is derived on
instrumental analysis (Griffiths and Haseth,
2007). The transmittance of any sample at
wavenumber ¥ is given by the ratio of the
radiant power emerging from the rear face of the
sample at that wavenumber I(d ) to the power of
the radiation at the front face of the sample,
lo(d). The transmittance of a pure sample of

thickness b (cm) at wavenumber ¥ is given by



Beer astfel:
T®@)=1(0)/1o(d)=exp[-a(D)*b],

unde o(d) este coeficientul de absorbtie
liniara (cm™) la ®.
Absorbanta probei la b, A(d) este:

A®) = 10g1o(L/T(0)) = (L/N10) () *b,

Unde a(® ) = (1/Iny)*a(d) este absorbtia la
.

Transformata Fourier este 0 operatie
matematica ce descompune o functie Tin
frecventele constituente, cunoscut ca spectru de
frecvente  (Griffiths and Haseth, 2007).
Motivatia transformatei Fourier vine din studiul
seriilor Fourier. Tn studiul seriilor Fourier,
functiile complicate sunt scrise ca sume de unde
simple reprezentate matematic prin functii sinus
si cosinus.  Datorita proprietatilor functiilor
sinus si cosinus este posibila calcularea cantitatii
fiecarei unde din suma folosind o integrala. Tn
multe cazuri este de dorit si se foloseasca
formula lui Euler care exprima faptul ca
e?™ = cos 270 + i sin 270, pentru a scrie seriile
Fourier in termeni de unde fundamentale e*.
Acest lucru are avantajul ca simplificai multe
formule implicate. Aceasta trecere de la sinus si
cosinus functii exponentiale complexe determina
necesitatea ca valorile coeficientilor Fourier sa
fie numere complexe. Interpretarea uzuali a
acestor numere complexe este aceea ca ele dau,
atat amplitudinea (sau marimea) undei prezente
n functie, cét si faza (sau unghiul initial) undei.

2.3. Metoda de lucru

Dispozitivul ~ folosit  pentru  realizarea
analizelor in IR a fost spectrometrul Tn infrarosu
cu transformata fourier Nicolet 6700 (Nicolet
6700 User Guide, 2004). Celula spectrometrului
a fost umpluta cu cele 8 etaloane secundare de
apa grea si cu etalonul primar de 99,961 % D0,
unul céte unul, colectdndu-se spectrele lor cu
ajutorul software-ul Omnic. Cei mai importanti
si mai potriviti parametri pentru analize de apa
grea, setati Tn software-ul spectrometrului au fost
metoda partiala a celor mai mici patrate,
rezolutia de 8 cm™ si 64 de scanari. Deasemenea,
temperatura mediului ambiant trebuie mentinuta
ntre 20 si 25° C deoarece variatia temperaturii in
acest domeniu nu influenteaza concentratia de
deuteriu Tn apa grea la a treia zecimala (masurata
in procente D,0).

Toate cele 9 spectre au fost introduse in
metoda de lucru pentru realizarea curbei de
etalonare ce trebuie sa aiba un coeficient de
corelatie de peste 0,999 (Figura 2).

Beer’s law as
T®)=1(0)/1o(d)=exp[-a(D)*b],

where o(D) is the linear absorption
coefficient (cm™) at .
The absorbance of the sample at v, A(D) is:

A®) = 10g1o(L/T(0)) = (L/N10) () *b,

where a(®) = (1/Iny)*ou(d) is the absorptivity
atv.

The Fourier transform is a mathematical
operation that decomposes a function into its
constituent frequencies, known as a frequency
spectrum (Griffiths and Haseth, 2007). The
motivation for the Fourier transform comes from
the study of Fourier series. In the study of
Fourier series, complicated functions are written
as the sum of simple waves mathematically
represented by sines and cosines. Due to the
properties of sine and cosine it is possible to
recover the amount of each wave in the sum by
an integral. In many cases it is desirable to use
Euler's formula, which states that
e” = cos 2760 + i sin 276, to write Fourier series
in terms of the basic waves e*™. This has the
advantage of simplifying many of the formulas.
This passage from sines and cosines to complex
exponentials makes it necessary for the Fourier
coefficients to be complex valued. The usual
interpretation of this complex number is that it
gives both the amplitude (or size) of the wave
present in the function and the phase (or the
initial angle) of the wave.

2.3. Work method

The device used to make the IR analysis was
a Nicolet 6700 FT-IR spectrometer (Nicolet
6700 User Guide, 2004). The IR spectrometer
cell was filled with these 8 heavy water
secondary standards and the heavy water
primary standard of 99,961% D20, one by one
and the spectra were collected, using Omnic
software. The most important and suitable
parameters for heavy water analysis, seted in the
spectrometer software, were the partial least-
squares regression method of compute, the
resolution of 8 cm™ and the scan number of 64.
Also, the environment temperature must be kept
between 20 to 25 Celsius degrees, because this
temperature variation doesn’t influence the
deuterium concentration in heavy water at the
thirth decimal (measured in percentages D,0).

All these 9 spectra were upload in the work
method to make the calibration courve, which
must have a correlation coefficient more than
0,999 (Figure 2).
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Calibration Results Table - Heavy Water

Index  Spectrum Title Actual Calculated Diff. x Path
1 ES 99.165 99.166 0.001
2 E8 99.387 99.383 -0.004
3 E7 99.457 99.460 0.003
4 E6 99.597 99.598 0.001
5 ES 99.696 99.698 0.002
6 E4 99.733 99.729 -0.004
7 E3 99.845 99.847 0.002
8 E2 99.924 99.921 -0.003
9 E1 99.961 99.963 0.002

Fig. 2 Curba de etalonare folosita in metoda de masuratori de apa grea.
Fig. 2 The calibration courve used in the heavy water measurement method

3. ESTIMAREA INCERITUDINII DE 3. THE UNCERTAINTY ESTIMATION
MASURARE OF THE MEASUREMENT

Pentru estimarea incertitudinii metodei de To estimate the uncertainty of the
masurare a trebuit sa luam Tn considerare sursele measurement method we had to take into

posibile de incertitudine care pot fi cuantificate:
curba de etalonare, etaloanele secundare si
repetabilitatea  (Ghidul EA -4/02, Ghidul
EURACHEM, Ghidul SR ISO/CEI 98-3 :2010).

Spectrometrul in IR cu transformata Fourier
are in interiorul siu un desicant care mentine
umiditatea la un nivel foarte scizut, astfel incat
incertitudinea datorata umiditatii este neglijabila.
Deasemenea, incertitudinea datorata variatiei de
temperatura este neglijabila in domeniul de

account the possible sources of uncertainty
which could be quantify: the calibration courve,
the secondary standards and the repeatability
(EA -4/02 Guide, EURACHEM guide, SR
Guide ISO/CEI 98-3 :2010).

The FT-IR spectrometer has inside a
dessicant which keeps the humidity very low, so
the uncertainty due to humidity is negligible.
Also, the uncertainty due to the temperature

temperatura 20-25°C.

Pentru estimarea incertitudinii datorate
curbei de etalonare, trebuie sa analizam punctele
de pe curba de etalonare asa cum se observa din
tabelul de mai jos:

variation is negligible, in the temperature range
20-25 Celsius degrees.

To estimate the uncertainty due to the
calibration courve we must analyse the points
on the line, as we can see in the table below:

Xi | 99,165 | 99,387 | 99,457 | 99,597 | 99,696 | 99,733 | 99,845 | 99,924 | 99,961

yi | 99,166 | 99,383 | 99,460 | 99,598 | 99,698 | 99,729 | 99,847 | 99,921 | 99,963

Tabel 1 Concentratia etaloanelor de apa grea (x; — concentratia obtinuta prin metoda gravimetrica
si y; — concentratia calculata prin metoda partiala a celor mai mici patrate)
Table 1 The heavy water standards concentration (x; - concentrations obtained by gravimetric
method and y; — concentrations computed used the partial least-squares method)



Valorile medii pentru x si y sunt

x = 99,641 % D,0 and y = 99,641 % D,0.

Panta curbei de etalonare este b=0,999373
jar  deviatia standard  reziduala  este
S=0,00521453. Deasemenea, deviatia standard a
metodei  este  S/b=0,0052177, astfel ca
incertitudinea datorita curbei de etalonare este
0,004% D.,0.

Incertitudinea relativda datoratd curbei de
etalonare este

0,004% D,0/99,641% D,O = 0,0000401441

Pentru estimarea incertitudinii etaloanelor
secundare de apa grea trebuie sa luam in calcul
urmatoarele surse de incertitudine: etalonul
primar si balanta.

1. incertitudinea etalonului primar de apa
grea este 0,005% D,0O, pentru k=2, deci este
0,0025% D,0.

2. deriva in timp a etalonului primar de apa
grea:

[99,977%D20—99,961%D20}i:010004%D20
21 J3

(a fost aplicata o distributie rectangulara)

STDEV = \/0,00252 +0,0004* =0,00253%D20

Deci, incertitudinea relativa datorata
etalonului primar de apa grea este
0,00252% D,0 /99,961% D,0 = 0,0000252

The average values for x and y are:

% =99,641% D,0 and y = 99,641% D,0.

The slope of the calibration courve is
b=0,999373 and the residual standard deviation
is S=0,00521453. Also, the standard deviation of
the method is S/b = 0,0052177.

The uncertainty due to the calibration courve
is 0,004% D,0.

The relative uncertainty due to the
calibration courve is

0,004%D,0/99,641 % D,0 = 0,0000401441

To estimate the uncertainty of the heavy
water secondary standards, we must take into
account these sources of uncertainty: the heavy
water primary standard and the balance.

1. the uncertainty of the heavy water
primary standard is 0,005% DO, for k=2, so it
is 0,0025% D,0.

2. the heavy water primary standard derive
in time:

(99,977%D20—99,961%D20)i:0'0004%D20

21 e

(a rectangular distribution was applied)

STDEV = \/0,00252 +0,0004* =0,00253%D20

So, the relative uncertainty due to the heavy
water primary standard is
0,00252% D,0 /99,961% D,0 = 0,0000252

Etalon primar de apa grea/Heavy water primary standard

0,00250% D,0O

standard derive in time

Deriva in timp a etalonului primar de apa grea/Heavy water primary

0,00033% D,O

Incertitudinea compusa/Composed uncertainty

0,00252% D,0

Incertitudinea relativa datorata etalonului primar de apa grea/Relative
uncertainty due to the heavy water primary standard

0,0000252

Incertitudinea datoratd balantei este estimata
ludnd Tn considerare etalonarea balantei si
repetabilitatea.

Incertitudinea de etalonare a balantei este
0,0002 g pentru domeniul 50 -100 g pentru k=2
(acest factor de extindere este echivalent cu un
nivel de incredere de 95%). Deci incertitudinea
de etalonare a balantei este 0,0001 g.

The uncertainty due to the balance is
estimated taken into account the balance’s
calibration and the repetability.

The uncertainty of the balance’s calibration
is 0,0002 g for the range of 50 -100 g for k=2
(the expansion factor which is equivalent with a
confidence level of 95%). So, the uncertainty of
the balance’s calibration is 0,0001 g.

Etalonarea balantei/Balance’s calibration 0,00010g
Repetabilitate/Repeatability 0,00033 g
Incertitudine compusa/Composed uncertainty 0,00034 g
Incertitudine relativa datorata balantei/Relative uncertainty due to 0,0000034
the balance




Incertitudinea relativa datorata etaloanelor
secundare este 0,000025428.

Incertitudinea datorata repetabilitatii este:

Urepetavititate=S T DEV=0,0029988 % D,0O si
incertitudinea relativa este:

0,0029988% D,0O / 99,961% D,0O = 0,00003

Incertitudinea relativa compusa

Factorii care intra Tn estimarea incertitudinii
relative compuse sunt:

The relative uncertainty due to the
secondary standards is 0,000025428

The uncertainty due to the repetability is:

Urepetanitiy=S TDEV=0,0029988% D,O and
the relative uncertainty is:

0,0029988% D,0 / 99,961% D,O = 0,00003

The relative composed uncertainty

The factors that enter into the estimation of
relative composed uncertainty are:

Descriere/Description

Incertitudinea relativa

The relative uncertainty

Curba de etalonare/Calibration courve 0,0000401441
Etaloane secundare/Secondary standards 0,0000254280
Repetabilitatea (STDEV)/Repeatability (STDEV) 0,0000300000
Incertitudinea relativa compusa/Relative composed 0,0000561900

uncertainty

Incertitudinea  relativa  compusa  este
0,00005619, deci incertitudinea compusa este
0,00561680859% D,0 ~ 0,006% D,O pentru
concentratia de 99,961% D,0O. Incertitudinea
extinsa pentru k=2 este:

U= 0,006% D,O x 2 =0,012% D,0, care
reprezinta de fapt cea mai buna capabilitate de
masurare,  calculata  pentru  concentratia
mentionata mai sus (99,961% D,0).

4. REZUMAT SI CONCLUZII

Tn acest studiu a fost utilizati metoda
spectroscopiei Tn IR cu transformata Fourier
pentru determinarea concentratiei de deuteriu
din apa grea, fiind folosit pentru colectarea
spectrelor de apa grea un spectrometru Nicolet
6700. Deasemenea, au fost stabilite sursele de
incertitudine si a fost estimata incertitudinea
relativa a metodei la valoarea de 0,00005619.

Deci, pentru o concentratie de 99,961%
D,0, incertitudinea compusa a fost de 0,006%
D0 si incertitudinea extinsa a fost de 0,012%
D,0 pentru k=2 (la 95% nivel de incredere).

Incertitudinea metodei spectroscopiei in IR
cu transformata Fourier este Tntr-adevar mica,
deci concentratia de deuteriu din apa grea poate
fi determinata cu acuratete mare.

Oricum, metoda poate fi imbunatatita prin
obtinerea unui coeficient de corelatie mai bun.

Multumiri
Acest studiu a fost sustinut de catre

The relative composed uncertainty is
0,00005619, so the composed uncertainty is of
0,00561680859% D,O =~ 0,006% D,O for a
concentration of 99,961% D,0O. The extended
uncertainty for k=2 is:

U= 0,006% D,0O x 2 =0,012% D,0, which
is actually the best capability measurement,
calculated for the concentration mentioned
above (99,961% D,0).

4. SUMMARY AND CONCLUSIONS

In this study the FT-IR spectroscopy method
was used to determin the deuterium
concentration in heavy water, and a Nicolet
6700 Spectrometer was used to collect the heavy
water spectra. Also, the uncertainty sources were
established and the relative uncertainty of the
method was estimated which was of
0,00005619.

So, for a concentration of 99,961% D,0, the
composed uncertainty was of 0,006% D,O and
the extended uncertainty was of 0,012% D,O
for k=2 (at 95% confidence level).

The uncertainty of FT-IR spectroscopy
method is really low so the deuterium
concentration in heavy water can be determined
with high accuracy.

However the method could be improved to
obtain a better correlation coefficient.
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