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The determination of 235U in environmental samples from its 185.72 keV photons may re-
quire the deconvolution of the multiplet photopeak at ~186 keV, due to the co-existence of the
186.25 keV photons of 226Ra in the spectrum. Successful deconvolution depends on many pa-
rameters, such as the detector characteristics, the activity concentration of the 235U and 220Ra
in the sample, the background continuum in the 186 keV energy region and the gamma-spec-
trometry computer code used.

In this work two sets of experimental test spectra were constructed for examining the
deconvolution of the multiplet photopeak performed by different codes. For the construction
of the test spectra, a high-resolution low energy germanium detector was used. The first series
consists of 140 spectra and simulates environmental samples containing various activity con-
centration levels of 235U and 226Ra. The second series consists of 280 spectra and has been de-
rived by adding 137Cs, corresponding to various activity concentration levels, to specific first
series test spectra. As the 137Cs backscatter edge is detected in the energy region of the
multiplet photopeak at ~186 keV, this second series of test spectra tests the analysis of the
multiplet photopeak in high background continuum conditions.

The analysis of the test spectra is performed by two different y-spectrometry analysis codes:
(a) spectrum unix analysis code, a computer code developed in-house and (b) analysis of ger-
manium detector spectra, a program freely available from the IAEA. The results obtained by
the two programs are compared in terms of photopeak detection and photopeak area determi-

nation.
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INTRODUCTION

In environmental samples, 2*°U can be detected by
its photons emitted at energies such as 143.767 keV
(10.94%), 163.356 keV (5.08%), 185.720 keV (57.1%),
and 205.316 keV (5.02%) [1]. However due to its long
half-life (704-10* years) [1] and to the low photon emis-
sion rates, in practice only photons at 185.720 keV can be
used. The analysis of these photons is not always an easy
task as 2°U in all environmental samples is detected to-
gether with the 28U daughter isotope, °Ra, emitting
photons at 186.25 keV giving rise to a multiplet
photopeak at ~186 keV. The successful deconvolution of
this multiplet depends on the detector characteristics, the
activity concentration of the 23U and ??°Ra in the sam-
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ple, the background continuum in the 186 keV energy re-
gion and the y-spectrometry computer code used for the
analysis of the spectrum [2]. The influence of these pa-
rameters in the analysis of the 2*U-2?Ra multiplet
photopeak is studied in the present work by the use of ex-
perimentally constructed test spectra.

The use of test spectra for examining the ability
of gamma spectrometry computer programs to deter-
mine peak energies and areas with associated uncer-
tainties has been reported in previous works [3-8].
Several test spectra sets are available on line, while
several intercomparisons on the analysis of test spectra
have been organized [3-7]. From the most recent
intercomparisons can be concluded that most codes
yield near optimum results for singlet peaks, but face
difficulties with doublets/multiplets [7]. In addition,
the conditions for constructing reliable test spectra are
also defined in [4].
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Figure 1. A typical *’Cs spectrum

In[2]itis briefly described that two different se-
ries of experimental test spectra were constructed fo-
cusing on the deconvolution of the 2U-*?°Ra
multiplet photopeak in different background contin-
uum conditions. The first series, which consists of 140
spectra, simulates spectra of environmental samples
containing only natural radioactivity, with various lev-
els of 2?°Ra and 2*>3U. The second series consists of 280
spectra simulating spectra of environmental samples
containing various levels of ?>Ra and 2>3U and con-
taminated with various levels of '37Cs.

Asitcanbeseenin fig. 1, in which a typical '*’Cs
spectrum obtained by a high purity germanium detec-
tor is illustrated, the backscatter edge of the *’Cs
661.66 keV photons lies on the 186 keV energy region
making the analysis of the multiplet photopeak more
demanding.

This work focuses on the description of the test
spectra construction and the influence of the gamma
spectrometry computer code used for the deconvolution
of the multiplet photopeak.

MATERIALS AND METHODS
Test spectra construction

A method for the 2*°U determination in environ-
mental samples has been developed and described in [9]

at the Nuclear Engineering Department of the National
Technical University of Athens (NED-NTUA). Based
on this method and on the conditions for constructing
reliable test spectra described in [4], the parameters for
the construction of the two test spectra are defined be-
low.

For the construction of the test spectra a low en-
ergy germanium (LEGe) detector with a FWHM of
341eVat5.9keV wasused. The detector was calibrated
in the energy region 20-200 keV. The constructed test
spectra of both series simulate real spectra of volume
cylindrical sources with a height of 69 mm and a vol-
ume of 282 mL and measured for 345600 s (equal to 4
days) in this detector. In this way, a typical measure-
ment of an environmental sample in NED-NTUA is
simulated.

The first series of test spectra corresponds to dif-
ferent 23°U-??°Ra activity concentration combina-
tions. Five Ra activity concentration levels were de-
fined in the region 15-1000 Bg/kg. Each of them was
combined with seven >3°U activity concentration lev-
els in the region 0.1-600 Bq/kg, creating a total of 35
different spectra. It should be noted that in each spec-
trum, the definition of the 2>°Ra activity concentration
levels was absolute, while the 23°U levels were defined
relatively in terms of the photopeak 23°U/>?°Ra area ra-
tio. Table 1 shows the activity concentration combina-
tion used.

For the construction of the second series of test
spectra, four '37Cs activity concentration levels in the
region 7.5-2300 Bq/kg were added to each of these 35
different spectra.

Volume sources for all these combinations were
not available, therefore sources of different geome-
tries were used to obtain equivalent spectra. In this
way, a test spectrum derives by the superposition of
four equivalent spectra:

— a4d background spectrum of the LEGe detector,

—  a*Ra equivalent spectrum,

—  a*®U equivalent spectrum, and

— a"Cs equivalent spectrum (for the test spectra of
the second series).

The algorithm used for the superposition is de-
scribed by eq. 1

Ctest,i :Cbk,i +Cra,i +Cu,i +Ccs,1' (1)

Table 1. The *U->*Ra activity concentration levels selected for the first test spectra series

26Ra activity 35 activity concentration [Bgkg ']
concentration 5U/*Ra photopeak area ratio
[Bakg '] 10% 50% 75% 100% 150% 300% 1000%
15 9.09E-02 4.54E-01 6.82E-01 9.09E-01 1.36E+00 2.73E+00 9.09E+00
30 1.82E-01 9.09E-01 1.36E+00 1.82E+00 2.73E+00 5.45E+00 1.82E+01
100 6.06E-01 3.03E+00 4.54E+00 6.06E+00 9.09E+00 1.82E+01 6.06E+01
300 1.82E+00 9.09E+00 1.36E+01 1.82E+01 2.73E+01 5.45E+01 1.82E+02
1000 6.06E+00 3.03E+01 4.54E+01 6.06E+01 9.09E+01 1.82E+02 6.06E+02
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where Cie; is the number of counts in the i-channel of

the final test spectrum, Cy; — the number of counts in

the i-channel of the background equivalent spectrum,

Cia;—the number of counts in the i-channel of the 226Ra

equivalent spectrum, C, ; —the number of counts in the

i-channel of the #°U equivalent spectrum, and Ce; —
the number of counts in the i-channel of the *’Cs
equivalent spectrum.

As far as the background spectrum is concerned,
it should be noted that a photopeak at the 186 keV en-
ergy region due to the background ?*°Ra and 2*°U was
detected, as shown in fig. 2(a). The photopeak was re-
placed by its corresponding background continuum as
shown in fig. 2(b). The following steps describe the
procedure followed:

— the spectrum channels that belong to the
photopeak are defined,

— alinear background continuum under the photopeak
is determined by using the counts of the neighboring
channels and by applying the least mean square al-
gorithm, fig. 2(a), and

— the counts of the photopeak channels are replaced
by counts derived by the use of a pseudo-random
number generator following a Poisson distribu-
tion around the linear background continuum, fig.
2(b).
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Figure 2. (a) part of the 4d LEGe detector background
spectrum indicating the photopeak at ~186 keV, and
(b) the same part of the 4d LEG-e detectro background
spectrum after the subtraction of the photopeak at
~186 keV

For the 2*°Ra equivalent spectra, a sealed point
source was used. The various activity concentration
levels were simulated by collecting spectra of different
measuring time. For the 233U equivalent spectra, foils
of natural uranium were used in the same manner,
while for the '37Cs equivalent spectra, a volume source
was used. For each 22°Ra-?>*3U combination four inde-
pendent spectra were constructed, simulating repeated
analyses of the same sample. Thus, the first series of
test spectra consists of 4-35 = 140 spectra grouped in 4
groups, namely A, B, C, and D. Then, each '¥’Cs activ-
ity concentration level was combined with the C and D
test spectra group, leading to the second series of test
spectra that consists of 35-2-4 = 280 spectra.

In fig. 3(a-c) three of the constructed spectra are
presented. In each figure the concentration of the iso-
topes 2*°Ra, 233U, and '3’Cs are given for comparison
purposes. Figure 3(a) presents a spectrum of the first
series containing only *2°Ra (15 Bg/kg) and 23°U
(14 Bg/kg). Figure 3(b, c) present spectra of the sec-
ond series. The concentration of ?°Ra and 23°U are
the same as in fig. 3(a), while 1*’Cs concentration is
300 Bg/kg and 3000 Bg/kg, respectively. A gradual in-
crease of the background continuum is apparent in fig.
3(b) and 3(c), taking into account the change in y-axis
scale.

The gamma-spectrometry codes

The first gamma-spectrometry code used for the
analysis of the test spectra was the spectrum unix anal-
ysis (SPUNAL) code. It is an in-house developed
FORTRAN code on a UNIX system that allows,
among other operations, for the:

— determination of the centroid, the area and the
FWHM of the photopeaks in a gamma spectrum,

— deconvolution of multiplet photopeaks with up to
10 components, using a modified Marquardt algo-
rithm,

— energy calibration and the qualitative determina-
tion of samples,

— efficiency calibration and the quantitative deter-
mination of samples, and

— application of corrections in the analysis of a
gamma spectrum (e. g., self-absorption correc-
tions, decay/production corrections

The second gamma-spectrometry software used
was (analysis of germanium detector spectra)
(ANGES). ANGES has been developed in the Insti-
tute of Nuclear Research and Nuclear Energy, in Sofia
Bulgaria and has been supported by the IAEA. The
software is freely available [10]. It offers all the main
features of a commercial software package except for
control of the acquisition process. The program is able
to perform automatic analysis of spectra but it is
characterized as “user controlled” because it supplies
all intermediate results and allows the user to modify
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Figure 3. Examples of constructed test spectra: (a)
test spectrum of the first series containing 15 Bq/kg
226Ra and 14 Bq/kg **°U, (b) test sg)ectrum of the sec-
ond series containing 15 Bq/kg *°Ra, 14 Bq/kg **°U,
and 300 Bq/kg 137Cs, and (c) test spectrum of the sec-
ond series containing 15 Bq/kg 226Ra, 14 Bq/kg **°U,
and 3000 Bq/kg '¥'Cs

them. As an example it offers to the user the possibility
to intervene in the peak location procedure performed
automatically by the program, deleting or adding
photopeaks in the analysis. This operation was used in
this work for the analysis of the test spectra. More de-

tails on the ANGES operations can be found in [10,
11].

RESULTS AND DISCUSSION

After the analysis of each test spectrum, the peak
area values and the corresponding uncertainties of the
two components of the multiplet photopeak were col-
lected. These values were compared with the theoreti-
cally expected values. For this purpose, the U-value
(U) and relative bias (Rb) for each component were
calculated by using eqs. 2 and 3, respectively,

_ Area; — Area o @)

2 2
Unc; +Uncy

Area; — Area

Rb ref (3)

Area ¢

where Area; is the area of each component of the
multiplet photopeak as defined by the software
used, Unc; — the uncertainty of the Area; as defined
by the software used, Area,.r— the theoretically ex-
pected value of the area of each component of the
multiplet photopeak, and Unc,es— the uncertainty of
the Area..;. For its calculation, the standard devia-
tion of repeated measurements of the sources used
for the construction of the equivalent spectra was es-
timated.

The following criteria were then applied to the
analysis of each component:

— for |U] £ 1.96 (U-test, 95% confidence level):
if |Rb| < 10%, the analysis was considered
accepted, and if [Rb| > 10%, the analysis was con-
sidered not accepted.

In this way, it was possible to reject results
where the U-test was satisfied due to the big uncer-
tainties of the measurement, despite the fact that the
measurement values were significantly different
(IRb[>10%) from the theoretically accepted ones.
This situation was mostly encountered in spectra
with poor statistics, and
— for |U] > 1.96 (U-test, 95% confidence level):

if |Rb| < 5%, the analysis was considered
accepted, and if [Rb| > 5%, the analysis was con-
sidered not accepted.

In this way, it was possible to accept results
where the U-test was not satisfied, due to low uncer-
tainties, while the measurement values did not differ
significantly from the theoretically expected values.
These cases mainly correspond to spectra with good
statistics.

A result was considered as accepted, when the
analysis of both components was judged as accepted.
Analyses in which one or both components were not
detected were rejected.
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Figure 5. First test spectra series results - ANGES
automated analysis

Analysis of the first test
spectra series results

Figures 4 and 5 illustrate the results of the analy-
sis of the first test spectra series with the SPUNAL
code and the ANGES program, respectively. As four
spectra were analyzed for each 2>3U-*2°Ra combina-
tion, the percentage of accepted analyses is presented
in each square of figs. 4 and 5.

The number of accepted analyses in the case of
SPUNAL is 48.6%, while in the case of ANGES it is
12.9%. It should be noted however that the ANGES
results correspond to the automated analysis mode,
with no user intervention in the in the analysis. To ex-
amine the effect of user intervention, the analyses of
this series test spectra with the ANGES program were
repeated. This time the program was forced (by the
user) to detect two components in the energy region of
~186 keV in cases that this was not achieved automati-
cally. Figure 6 illustrates the results of these analyses.

The percentage of the accepted analyses in this
case is 63.6%. This difference should be attributed to
the user's intervention in the analysis. From figs. 4 and
6 it can be seen that the most accepted analyses corre-
spond to spectra with higher photopeak areas and to
spectra that the area ratio is neither big nor small
enough.

/2°Ra area ratio

Figure 6. First test spectra series results — ANGES with
user's intervention

An interesting region in figs. 4 and 6 is bounded
by the 100-1000 Bg/kg *?°Ra activity concentration
and the 50%-300% 233U/*?°Ra photopeak area ratio.
Most of the accepted analyses are concentrated in this
region. This region corresponds to the most common
226Ra-?35U combinations to be found in environmental
samples, among those examined in this work. The per-
centages of accepted analyses in this region for both
programs are equal to 91.7%. However, in the case of
the SPUNAL code, rejected analyses are attributed to
the fact that one of the components, usually the one
with the lowest photopeak area, was not detected. In
other words, whenever the SPUNAL code detected
both components of the multiplet photopeak, the anal-
ysis was performed in an accepted way. On the other
hand, between the rejected analyses of the ANGES
program, there are cases in which both components
have been detected but one or both corresponding ar-
eas significantly differ from the theoretically expected
values. In this case there is no indication warning the
user for an erroneous analysis.

As it was mentioned in Test spectra construction,
for each 2?°Ra-?*>U combination, four independent test
spectra were constructed. Figures 4-6 indicate that not
all the analyses of the same ?2°Ra-?*U combinations
lead to accepted results. In terms of real samples, this
means that, if initial analysis of the sample dos not yield
results, deconvolution of the multiplet photopeak may
be successful after repeated analyses of the sample.
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Figure 7. Second test spectra series results — SPUNAL
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Figure 8. Second test spectra series results - ANGES



K. L. Karfopoulos, et al.: Test Spectra Experimental Construction for ...

S6 Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, Suppl., pp. S1-S7

Analysis of the second test
spectra series results

Figures 7 and 8 illustrate the results of the analy-
sis of the second test spectra series with SPUNAL and
ANGES respectively. Based on the conclusions of the
automated analysis of first series spectra, ANGES
analysis was performed with user intervention. Fig-
ures 7 and 8 present the percentage of accepted and re-
jected analyses, for the four '¥’Cs activity concentra-
tion levels.

The effect of the '3’Cs presence in the
deconvolution of the multiplet photopeak at ~186 keV
is clear. The analysis becomes more difficult as the
background continuum in the energy region of
186 keV increases, due to the presence of the '¥’Cs
backscatter edge. In the case of the SPUNAL code the
percentage of accepted analyses remains practically
unchanged provided that '37Cs activity concentration
is less than 230 Bq/kg. After this concentration level,
there is a profound decrease at the percentage of ac-
cepted analyses. A similar effect, but for a higher 13’Cs
activity concentration level (680 Bq/kg) is observed in
the ANGES results. The user's intervention may again
have a positive effect in ANGES analysis.

CONCLUSIONS

During this work, two series of test spectra were
constructed for testing the ability of a gamma spec-
trometry computer code to deconvolute the multiplet
photopeak at~186 keV due to the presence of 233U and
226Ra in environmental samples. Two different com-
puter codes were tested. The in house developed code
SPUNAL and the freely available program ANGES.
In each sample of the two series, different 23°U-?°Ra
and 23°U-226Ra-137Cs combinations were examined,
respectively. Each combination is examined more than
one time, simulating multiplet analyses of the same
sample and testing the repeatability of the analysis.

From the analysis of the two series it was con-
cluded that, even if initial analysis is not successful,
with repeated analyses of the same sample the
deconvolution of the multiplet photopeak may finally
succeed. The deconvolution depends on the >*U and
226Ra concentration in the sample and the presence of
137Cs in it. More specifically, the number of successful
analyses increases with the increase of the isotopes
concentration in the samples and is more probable
when the ratio of the photopeak area of the two compo-
nents is neither too high nor too low. The increase of
137Cs concentration makes the deconvolution of the
multiplet photopeak more difficult as the '37Cs back-
scatter photons increase the background continuum at
the 186 keV energy region.

The ANGES program successfully analyzed
more test spectra in both series, provided that the user

intervenes in the analysis, forcing the program to de-
tect the two components. However, for typical 23U
and 2?°Ra environmental concentrations the two codes
appear to have similar behavior. For these concentra-
tions the SPUNAL code was found to be more reliable,
as incorrect analysis can often be identified by the fact
that one of the two components is not detected.
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Koncrantunoc JI. KAP®OITYJIOC, dumurpuoc J. KAPAHTEJIOC,
Mapuoc J. AHATHOCTAKMUC, Cumoc E. CUMOITYJIOC

EKCIIEPUMEHTAJIHO KOHCTPYUCAIE TECT CIIEKTAPA 3A
MPOLIEHY TAMA-CIIEKTPOMETPUICKUX PAYYHAPCKUX
KOJTOBA 3A OJPEBUBAIGE 235U

OppebuBame U y y3opuuMa U3 NOpUPOAHE CPElMHE IIPEKO HEroBuX (OTOHA eHepruje
185.72 keV moxke 3axTeBaTH IEKOHBOIYIU]Y MYJITUIIIET pOoTONMKA Ha eHepruju of oko 186 keV, ycnen
nocrojama u porona *?°Ra enepruje 186.25 keV y criexpy. Y CEMHOCT IEKOHBONYIH]€ 3aBUCH Of] BULIE
nmapaMeTapa, Kao IITO Cy KapaKTEPUCTHUKE JIETEKTOPA, KOHIEHTpanumja aktusHoctr U u 2?Ra y y30pKy,
MO3aJITHCKO 3pauewe y obmactu eHepruje of 186 keV u mporpamMcku Koy 3a raMa-ClieKTpOMETPH]Y.

Y oBOM pajy mpojeKTOBaHE Cy ABE CepHje EKCIePUMEHTAIHAX TECT CIIEKTapa 3a MpoyJaBame
IEKOHBOJNYIHje MYJITUIUIET (POTONUKA Pa3TMIATHM HPOTPAMCKHM KONOBHMA. 3a KOHCTPYKIH]Y TECT
crekTpa KopuirtheH je HUCKOCHEPreTCKH T'epMaHHjyMCKU AETEKTOp BUcOoKe pesonyuumje. IIpsa cepuja
cacroju ce oy 140 cnekTapa u cumynupa y30pKe U3 XUBOTHE CPEJMHE KOjU Cafp3Ke pa3InuuTe HUBOE
KoHIeHTpanyje akTusHocT U u 22°Ra. [Ipyra cepuja cacroju ce o 280 cnekTapa ca npugopaTum =5/ Cs,
ofroBapajyhu pa3TnInTAM HUBOMMA KOHI[EHTPAIUje aKTHBHOCTH CIEU(PMIHHX CIIEKTapa n3 IpBe cepuje.
Bynyhu fia je y ob6nacTu eHepruje MynTHIIIET poTonuka of 186 keV nerekToBaHa 1oma I'paHuUIla pacejamba
137Cs, mpyrom cepujoM TecT enekTapa aHaIu3UPaH je MyJITHILIET (DOTONKK y YCIOBUMA HOBUILEHOT HUBOA
MTO3aIMHCKOT 3pavcha.

[IpoyvaBame TecT crekTapa 06aBBEHO je MoMohy IBa IPOrpaMcKa Kojia 3a raMa-CrieKTPOMETPH]CKY
aHanmmsy: (a) MporpamMcKor Kofa opuruHainso passujenor Ha UNIX cucremy u (6) mporpamcKor Kojia 6ecIiaTHO
nocrynHor off crpaHe IAEA 3a ananm3y criekTapa repMaHHjyMCKOT fieTekTopa. Pe3ynratu goOujenn oBuM
TIPOrPaMCKUM KOJIOBIMA yropebuBaHm cy Ha AeTeKIHjy poronmka n Ha ofpebuBame obmactu poronmka.

Kmwyune peuu: zama-citexitipomeiipuja, iieciti ciieKinap, myatiuiineitl pomoiux, 238y




