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Three-way par tial last squares (3-PLS2), as a multi-way cal i bra tion method was ap plied for
de ter min ing the 235U/238U iso tope ra tio to over come prob lems with spec tral in ter fer ences in
liq uid scin til la tion spec tra of these ra dio iso topes. The al pha en ergy spec tra of sam ples in dif -
fer ent en ergy chan nels and dif fer ent cock tail to sam ple ra tios were used as in put data for
3-PLS2. The model was ap plied to a pre dic tion set and sat is fac tory re sults were ob tained. The 
3-way PLS2 pre dic tion re sults were com pared with 2-way PLS2 and it was shown that 3-way
PLS2 re sults are more ac cu rate than the re sults of PLS2. Ther mal ion iza tion-mass spec trom -
e try was used as a ref er ence method for cal cu lat ing the ac cu racy of our method.
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IN TRO DUC TION

Ura nium iso topes are im por tant ra dio ac tive spe -
cies in nat u ral sam ples. De ter mi na tion of the iso to pic
com po si tion and con cen tra tion of ura nium is an im -
por tant con cern in the nu clear in dus try and en vi ron -
men tal stud ies [1-3]. Var i ous tech niques such as ther -
mal ion iza tion mass spec trom e try (TI-MS)  and
in duc tively cou pled plasma mass spec trom e try
(ICP-MS) can be em ployed for the iso to pic anal y sis of
ura nium [4, 5]. In the ab sence of mass spec tro met ric
tech niques, other tech niques such as al pha and gamma 
spec trom e try [6, 7] and liq uid scin til la tion count ing
(LSC)  can also be used for this pur pose. In duc tively
cou pled plasma atomic emis sion spec trom e try can
also be used for ura nium iso tope ra tio mea sure ments
[8]. LSC is one of the im por tant tech niques for anal y -
sis of low level radionuclides in en vi ron men tal sam -
ples [9-13]. Due to se vere spec tral in ter fer ences be -
tween en ergy spec tra of some radionuclides, their
si mul ta neous de ter mi na tion by LSC has a se ri ous
prob lem [14]. Sev eral ef forts have been made to over -
come this prob lem. Forte et al. [3] de ter mined ura nium 
iso topes in food and en vi ron men tal sam ples by LSC,
us ing Can berra Ge nie 2000 In ter ac tive Peak Fit Soft -

ware (v. 1.0) de signed for gamma and al pha spec trom -
e try. They suc cess fully de ter mined 238U and 234U but
could not de ter mine 235U. Re cently, Bianchi et al.  pro -
posed a pro ce dure for de ter mi na tion of the ura nium
iso tope ra tio in liq uid sam ples us ing LSC. They pro -
posed a method for mea sure ment of iso to pic con tent of 
234U with re spect to 238U, which is an in di rect mea sure
of 235U en rich ment. An other ap proach for de ter mi na -
tion of 235U/238U in en riched ura nium fuel sam ples us -
ing LSC has been pro posed by Alumela [1]. In this
method, a lin ear cor re la tion be tween 235U/238U and the 
ra tio of to tal count rate to the Cerenkov count rate (due
to 234mPa) has been ob tained.

Multivariate cal i bra tion tech niques have been
in creas ingly used for over com ing spec tral in ter fer -
ence prob lems [14-18]. As the di men sion of the out put 
data is in creased, the multi-way ap proach has be come
an at trac tive sub ject in chemometrics for mod el ing
and in ter pre ta tion of multi-way data [19-29]. These
tech niques can de com pose the data ar ray and pro cess
the data. Lohmoller et al. [30] showed that a 3-way ar -
ray can be de com posed as a Kronecker prod uct of a
vec tor and ma trix. Wold et al. [31] used the optimality
proof by Lohmoller et al. [30] to de velop the NIPALS
al go rithm for de com pos ing a multi or der ar ray. This
method is known as un fold-PLS be cause it is the re sult
of un fold ing or met ri cizing the pre dic tor ar ray and
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then mod el ing the ma trix us ing or di nary PLS [32].
Stahle [33] also tried to con struct a trilinear PLS al go -
rithm. These al go rithms lack the max i mum covariance 
be tween scores and the de pend ent vari ables in a
trilinear sense. Bro [34] pro posed a gen er al iza tion of
PLS to multi-way sit u a tions, called multi-lin ear PLS.
This method is a com bi na tion of a trilinear model
(PARAFAC) and PLS and was com mented on by
Smilde [7, 35] and de Jong [7]. An im proved model of
a multi-way ar ray was later in tro duced which, how -
ever, main tains the same pre dic tions as the orig i nal
model [36]. Multi-lin ear PLS al go rithm is fast and
easy to in ter pret and can be used for solv ing spec tral
over lap prob lems.

In this pa per, a new pro ce dure for de ter mi na tion
of 235U/238U has been pro posed. In this method
3-PLS2, as a multi-way tech nique, was ap plied for de -
ter mi na tion of the 235U/238U ra tio. The pre dic tion re -
sults were com pared with 2-PLS2. Ther mal ion iza tion
mass spec trom e try has been used as the ref er ence
method.

MA TE RIAL AND METH ODS

Re agents

High ca pac ity cock tail Optiphase Hisafe 3
(Wallac Oy, Turku, Fin land) and ultrapure wa ter were
used through out the work. De pleted ura nyl ni trate
(Merck, Darmstadt, Ger many) and nat u ral U3O8 were
used for prep a ra tion of stan dard so lu tions. All other
re agents were of an a lyt i cal grade and were pur chased
from Merck (Darmstadt, Ger many) or Sigma-Aldrich
(Saint Louis, USA).

Ap pa ra tus

An ul tra-low level liq uid scin til la tion spec trom -
e ter Quantulus 1220 (Wallac Oy, Turku, Fin land) was
used for mea sur ing count ing rates. A shaker Heidolph
Vibramax 100 (Heidolph Co., Schwabach, Ger many)
was uti lized for mix ing the cock tail and sam ple. The
sam ples and cock tail were mixed in 20-ml poly eth yl -
ene vi als, Polyvial (Zinsser An a lyt i cal Co., Frank furt,
Ger many).

Soft ware and data pro cess ing

Wallac spec trum anal y sis (v.2.15) al lows data
col lec tion from the Quantulus in stru ment and anal y sis
of emis sion spec tra. This pro gram was run on a com -
puter (Pentium II 300 MHz) with the MS-DOS op er at -
ing sys tem. The out put files were ASCII; thus, a lab o -
ra tory-writ ten pro gram in Turbo Pascal v.7.0 (Borland
In ter na tional, Inc.) was used for data ex trac tion from

out put files. N-way Tool box for MATLAB (by
Rasmus Bro and Claus A. An der son, Uni ver sity of
Co pen ha gen) was used for 3-PLS2 mod el ing. These
pro grams were run in MATLAB (R 2010 a, Ver sion
7.10) on a PC (Pentium IV 2.5 GHz) with the
Microsoft win dows 7 op er at ing sys tem.

Pro ce dure

Stock so lu tions of de pleted and nat u ral ura nium
sam ples were pre pared from de pleted ura nyl ni trate
and nat u ral ura nium ox ide. Ni tric acid 1% vol ume to
vol ume ratio was added to stock so lu tions for avoid ing 
the ag ing ef fect. Known vol umes of stock so lu tions,
cock tail and ultrapure wa ter with fi nal vol ume of 20
ml were mixed in poly eth yl ene vi als. Eighty mix tures
in 8 dif fer ent to tal ura nium con cen tra tions (60, 70, 80,
90, 100, 110, and 120 µg/ml) from nat u ral and de -
pleted so lu tions in 5 dif fer ent cock tail to sam ple ra tios
(2.33, 3, 4, 5.67, and 9) were pre pared. The sam ple vi -
als were placed in a shaker for 5 min utes and the outer
sur faces were cleaned with ac e tone. The vi als were
stored in a cool, dark shield in a re frig er a tor (7 °C for 2
hours) for elim i nat ing cock tail flu o res cence. All of
them were an a lyzed by LSC for about 70 min utes and
the re sult ing count ing rate for al pha par ti cles in dif fer -
ent chan nels (1024 chan nels) was used for the next
step. In the fi nal step the data were preprocessed and
sub jected to 3-PLS2 mod el ing. The model was ap plied 
for pre dic tion of 235U and 238U in new syn thetic sam -
ples.

Ther mal ion iza tion mass spec trom e try was used
as a ref er ence method. The anal y sis of sam ples was
per formed us ing a ther mal ion iza tion mass spec trom e -
ter (MAT-260, Finnigan) dur ing three steps and with a
one week in ter val. The rhe nium fil a ments (9.5 mm ´
´.0.6 mm ´ 0.04 mm di men sion and un der 10–6 mbar
vac uum) were cleaned by 4 A cur rent for 25 min utes.
Two microliters of sam ples were de pos ited on the fil a -
ments by micropipette. The fil a ments were dried by a
prep a ra tion heat ing unit with a 2 A cur rent for 5 min -
utes and a ho mog e nous layer was formed on the fil a -
ments. The ion source and an a lyzer were un der 10–7

and 10–8 mbar re spec tively. For a sta ble ionic cur rent
the ion iza tion and va por iza tion fil a ments were heated
by 5.5 A and 2.6 A. The mag netic field for the mass
range was changed with 10 kV ac cel er at ing volt age.

RE SULTS AND DIS CUS SION

In the pres ent work, the ac tiv ity of syn thetic mix -
tures (counts per min ute, cpm) was re corded in
1024-chan nels. The dif fer ence be tween the al pha en ergy
peak of 235U and 238U is lower than the res o lu tion of the
in stru ment (ac cord ing to the man ual, the res o lu tion of the 
Quantulus 1220 is 300 keV for al pha en ergy peaks [37])
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and se vere spec tral in ter fer ence pre vents a base line sep a -
ra tion for these ra dio iso topes. A three di men sional fig ure 
of nat u ral ura nium sam ples (60 µg/ml) in dif fer ent cock -
tail to sam ple ra tios is shown in fig. 1. As shown in fig. 1,
de spite the fact that the cock tail to sam ple ra tio can af fect
the spec tra of nat u ral ura nium sam ples, the se vere spec -
tral in ter fer ence is pres ent in all of the sam ples.

Two types of vari ables were used: en ergy chan -
nels of al pha emis sions and sam ple to cock tail ra tios.
The cock tail to sam ple ra tio vari able was used as a
sec ond type vari able. The count ing rates of al pha par -
ti cles at 1024 chan nels were used as a first type vari -
able. Due to the large num ber of vari ables in the data
set that re sults in com plex ity and due to zero count
rates in some chan nels, the chan nels that have zero
count rates for about 90% of the sam ples were re -
moved from the data set. Af ter this, the num bers of
first type vari ables were re duced from 1024 to 806.
The sec ond type vari able has an im por tant lim i ta tion
so the cock tail to sam ple ra tio must be in the range
that the sam ple dis solves in the cock tail and pro duces
a ho mo ge neous mix ture.

Data pre pro cess ing

Ex ten sion of mean cen ter ing and scal ing from
two-way data to three-way data were dis cussed by Bro
et al. [38]. In this study, cen ter ing across the first mode
[39] and scal ing within the sec ond mode were per -
formed. The re sults showed that pre pro cess ing on this
data set re sults in lower er rors and pro duce a better
model. The re sults be fore and af ter pre pro cess ing are
shown in tab. 1.

Se lec tion of the op ti mal
num ber of fac tors

In N-PLS re gres sion, such as in other la tent vari -
able based meth ods, the op ti mal num ber of com po -
nents must be de ter mined for ob tain ing the most re li -
able pre dic tions. De ter min ing the num ber of
com po nents in three-way re gres sion mod els is usu ally
per formed in a sim i lar man ner as is done in two-way
anal y sis. One ap proach that can be used for this pur -
pose is cross val i da tion [36]. The min i mum point in
the plot of the sum of square of dif fer ences be tween
the pre dicted and the ac tual val ues ver sus the num ber
of la tent vari ables in the model can be used as the op ti -
mum num ber of fac tors. In our cross val i da tion pro ce -
dure, the num ber of op ti mal com po nents was se lected
ac cord ing to the min i mum of the root mean square er -
ror of pre dic tion (RMSEP) ver sus the num ber of la tent
vari ables , i. e. five fac tors with re spect to fig. 2.

Mod el ing and pre dic tion
by 3-PLS2

The data set con tain ing the 16 ́  677 ́  5 ar ray of
en ergy spec trum of sam ples in dif fer ent en ergy chan -
nels and dif fer ent cock tail to sam ple ra tios were fed
into the train ing (13 ́  677 ´ 5) and pre dic tion set (3 ´
´,.677 ´ 5). The train ing set was mod eled by the
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Fig ure 1. Wa ter fall of nat u ral ura nium sam ples (60 mg/ml) 
in dif fer ent cock tail to sam ple ra tios

Ta ble 1. Pre dic tion re sults and rel a tive er ror of pre dic tion (RE) for 238U and 235U concentrations by 3-PLS2 with and
with out preprocessing

Sample

238U 235U

Actual
[ppm] Predictiona RE Predictionb RE Actual

[ppm] Predictiona REc Predictionb RE

1 79.76 82.11 –2.95 83.80 –5.06 0.24 0.24 1.93 0.27 –13.11

2 89.37 96.34 –7.8 86.97 2.68 0.63 0.63 –0.55 0.57 9.77

3 59.7 61.67 –3.30 47.15 21.02 0.30 0.30 –0.25 0.22 27.00

a with 5 com po nents for the preprocessed data set
b with 5 com po nents for with out the pre pro cess ing data set
c the pre dic tion re sults were re ported with two significant fig ures and er rors were calculated with all fig ures

Fig ure 2. RMSE vs. the num ber of com po nents for pre -
dic tion by 3-PLS2



3-PLS2 method. The con structed model was used for
pre dic tion of ura nium iso topes con cen tra tions (235U
and 238U) in the pre dic tion set for the as sess ment of the 
model. Ta ble 2 shows the pre dic tion re sults by 3-PLS2 
on the pre dic tion set.

Com par i son with 2-PLS2
and TI-MS

The data set con tain ing the 13 ´ 766 ma trix of
the net count rates of 13 syn thetic nat u ral and de pleted
ura nium sam ples in a se lected cock tail to sam ple ra tio
(2.33) was used for two-way anal y sis. The con structed 
model was ap plied to the pre dic tion set (3 ́  677). The
re sults of pre dic tion by 3-PLS2 and 2-PLS2 were
com pared with ther mal ion iza tion-mass spec trom e try
as a ref er ence method (tab. 2). The re sults show that
the pro posed method is a rapid and eco nom i cal tech -
nique for de ter mi na tion of 235U and 238U in com par i -
son with TI-MS.

CON CLU SIONS

Com bi na tion of multi-way PLS (3-PLS2) with
the liq uid scin til la tion count ing tech nique was de vel -
oped as a quick and sim ple pro ce dure for de ter mi na -
tion of the 235U and 238U iso tope ra tio. This method
was ap plied for si mul ta neous de ter mi na tion of 235U
and 238U in syn thetic ura nium sam ples. It was shown
that the pre dicted re sults are more ac cu rate than the re -
sults by two-way PLS2. In this study, the 3-PLS2
model was con structed in the ab sence of the 235U pure
spec trum. This method can be ap plied for quan ti ta tive
de ter mi na tion of other radionuclides (al pha and beta
emit ters).
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d A 1:1 mix ture of nat u ral and de pleted ura nium
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PRIMENA  KALIBRACIJE  VI[ESTRUKOM  METODOM  PARCIJALNIH 
NAJMAWIH  KVADRATA  ZA  SIMULTANO  ODRE\IVAWE  RADIOIZOTOPA 

POSTUPKOM  TE^NE  SCINTILACIJE

Metoda trostrukih parcijalnih najmawih kvadrata (3-PLS2) upotrebqena je kao na~in
vi{estruke kalibracije za odre|ivawe odnosa izotopa 235U i 238U, radi prevazila`ewa problema
sa spektralnom interferencijom u postupku te~ne scintilacije ovih radioizotopa. Spektri
energija alfa ~estica uzoraka na razli~itim energetskim kanalima i pri razli~itim odnosima
koktela i uzoraka, kori{}eni su kao ulazni podaci za 3-PLS2. Model je primewen na izabrani
uzorak i dobijeni su zadovoqavaju}i rezultati. Predikcija 3-PLS-a upore|ena je sa rezultatima
dobijenim uz pomo} 2-PLS2 i pokazalo se da su ta~niji rezultati dobijeni metodom 3-PLS2. Kao
referentna metoda za odre|ivawe te~nosti kori{}ena je masena spektrometrija termalnom
jonizacijom.

Kqu~ne re~i: vi{estruka kalibracija, 3-PLS2, te~na scintilacija, uranijumski izotopi


