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The paper presents an overview of the research into the available non-destructive methods of determining the
24U isotope content in uranium-bearing materials. An alternative approach to a problem of detector calibration by
the characteristic “intrinsic” efficiency is proposed. Certified reference uranium-bearing materials CRM 969 and
CRM 146 (a range of *°U enrichments studied was 0.3...93%) were used as test samples, measurements were car-
ried out with a wide-range energy detector based on the high-purity BeGe 3830 germanium (Canberra, USA) with
38 cm” area and 3 cm thickness. An approach used for the “intrinsic” efficiency calibration for the ***U analysis
permits to decrease the measurement error to 7.5% in the whole range of ***U enrichment (from 0.3 to 93%) and
24U concentrations (20 to 9800 pg/g). The proposed method does not demand standard samples for equipment cali-
bration and does not depend on the physical (chemical) form of the investigated material and measurement geometry.

PACS: 29.30Kv

INTRODUCTION

Natural uranium is a mixture of three isotopes: ***U
(the content in natural mixture 99.280 wt. %), *°U
(0.714 wt. %), and **U (0.006 wt. %) [1]. A ***U iso-
tope is radiogenic, not a primary one, it is a part of the
radioactive series of 2**U. Despite an utterly low content
of *U, its activity in natural uranium is almost equal to
the U activity, as these isotopes are in balance. Thus,
#%U and **U contribute each more than 49% to the total
activity of natural uranium.

When making fuel for nuclear plants, natural ura-
nium is enriched in order to increase the **°U isotope
content. At the same time, the content of >**U isotope, as
even lighter, also increases. Although in the nuclear fuel
the content of **U remains at the level of hundredths of
a percent its activity becomes predominant. That is why,
from a sanitary point of view, >**U carries the greatest
radiological hazard to the staff health that indicates an
urgency of determining even its small contents.

Furthermore, in conformity with the nuclear fuel cy-
cle (NFC) processes, the U content limit in the raw
material of natural and enriched uranium hexafluoride
(UFg) is regulated by ASTM C 787 and ASTM C 996
standards at 60 and 11 pg/g of U, respectively. Conse-
quently, the quantitative identification of ***U is urgent
both for the radiation safety and for the implementation
of analytical quality control of NFC products.

Currently the destructive methods of analysis (in-
ductively coupled plasma mass spectrometry, alpha
spectrometry) of the isotopic composition of uranium-
bearing materials are well developed [2 - 5]. One of the
disadvantages of destructive methods is complex and
time-consuming sample preparation: for example, for
alpha spectrometry it is necessary to separate com-
pletely the analyte from the matrix and to transfer the
sample into the thin-disk mold using electrodeposition,
evaporation, co-precipitation [6]. Therefore, the non-
destructive methods with a simplified sample prepara-
tion are quickly developing. In addition, the use of such
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methods decreases the time of direct contact with the
sample that is especially important when working with
radioactive materials and does not lead to the formation
of radioactive waste, which subsequently should be dis-
posed.

Gamma-ray spectrometry, as a non-destructive
method of analysis of the isotopic composition of ura-
nium-bearing materials, began to be used in the 1970s
[7, 8]. To date, available are the Canberra's commercial
software for uranium isotope analysis: MGAU (Multi-
Group Analysis for Uranium) and FRAM (Fixed-energy
Response-function Analysis with Multiple Efficiency)
developed in U.S. national laboratories (LLNL, LANL)
[9, 10].

As a result of processing the gamma spectrometric
data the software calculates the content of isotopes ***U,
230, P*U (and in some cases ~°U). As these software
codes were developed primarily to determine the en-
richment of uranium-bearing materials, the metrological
characteristics of *°U, 2**U measurements were thor-
oughly investigated and determined [11 - 13], in con-
trast with the 2**U isotope. The paper [14] shows that
the error of determining the **U content using MGAU
code can range from 20 to 50%. So, the purpose of this
study was to analyze the available non-destructive
methods and to develop an alternative approach for de-
termining the isotope ***U content in uranium-bearing
materials as well as to substantiate the choice of the best
method for providing the radiation safety and analytical
quality control of NFC products.

EXPERIMENTAL TECHNIQUE

Investigations were carried out using certified refer-
ence uranium-bearing materials (CRM 969: level of
enrichment from 0.3 to 4 wt. % and CRM 146: level of
enrichment from 20 to 93 wt. %) manufactured by the
New Brunswick Laboratory of USA. The characteristics
of the samples are given in Table 1.
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Table 1
Interferences of the main analytic lines of K and L series
elements with uranium lines of L and M series

Sample ID | U, wt.% | =°U, wt.% | U, wt.%
031 0.3166 99.6668 0.002
+0.0002 +0.0004 +0.0002
071 0.7119 99.2828 0.0052
+0.0005 +0.0004 +0.0002
194 1.9420 98.0404 0.0171
+0.0014 +0.0018 +0.0002
295 2.9492 97.0196 0.0279
+0.0021 +0.0029 +0.0004
446 4.4623 95.4950 0.0359
+0.0032 +0.0032 +0.0003
NBL0013 | 20.1070 79.5470 0.1486
+0.0200 +0.0200 +0.0004
NBL0014 | 52.4880 46.8760 0.3718
+0.0420 +0.0430 +0.0010
NBL0015 | 93.1703 5.5559 0.9800
+0.0052 +0.0053 +0.0029

The gamma-ray spectra of the samples investigated
were acquired using a broad-energy detector based on
the high-purity germanium of BeGe 3830 type (Can-
berra, USA) with a 38 cm® area and 3 cm thickness hav-
ing the energy resolution of 0.468 at 5.9 keV; 0.572 at
122 keV, and 1.51 at 1.332 keV.

Experimental spectrometric data were processed us-
ing the commercial program packages MGAU and
FRAM. Besides, the ***U isotope content evaluation was
performed using an empirical equation from [15],

C(**U)=0.0015+0.0058- C(**U)+0.000054- C* (*U)),

where C(**U) is the 2**U content; C(**U) is the *°U

content (enrichment).

An alternative approach for the ***U content deter-
mination was based on the approach of “intrinsic” effi-
ciency calibration proposed in the studies of the age-
dating of uranium-bearing materials [16]. The efficiency
calibration is “intrinsic” in the sense that it relates to a
specific gamma spectrum, i.e. for each sample under
study (a set of spectral data) it is necessary to perform
its own “intrinsic” calibration. A desired content can be
derived from the activity ratio of isotopes ***U and **°U.

The isotope activity in the sample is written as
A=P|e, -1, where P is the detector counting rate at

the selected peak of photoelectric absorption; ¢, is the

abs

detector absolute efficiency and 7 is the emission inten-
sity of gamma-ray of a given energy. The main problem
in determining the absolute values of the isotope activity
is to find &, which depends on many factors (gamma-

ray energy, detector and sample characteristics, dis-
tance, absorbers, etc.). This problem can be avoided
with the use of isotope activity ratio. In the region of
gamma-ray energies from 120 to 210 keV (Fig. 1) there
are lines of **U isotope (120.90 keV, 7= 0.0342%) and
of #°U isotope (143.76 keV, I=10.96%; 163.33 keV,
1=5.08%; 185.72keV, 1=57.20%, and 205.31 keV,
1=5.01%). By rewriting the activity equation as
A-g, =P/, plotting the ratio P/I versus **°U
gamma-ray energy (£) and extrapolating the resulting
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dependence by the linear or quadratic function into the
120 keV energy range, we obtain the value of
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Fig. 1. Gamma-spectrum of the certified reference
uranium-bearing material ID No 194 in the energy
range from 120 to 210 keV

Then the activity ratio 2**U/**>U can be written as:
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Having the resulting ratio of the **U and **°U iso-
tope activities and determining the content of *°U in the
sample by the software codes MGAU or FRAM, and
taking into account the values of their specific activities
2.30x10°* and 7.98x10* Bk/g it is possible to calculate
the 2**U isotope content. The proposed method elimi-
nates the need of standard samples for an equipment
calibration, does not depend on the physical (chemical)
form of materials under study and geometry of meas-
urements.

RESULTS AND DISCUSSION

Fig. 2 shows the uranium isotope activity contribu-
tions into the total activity of the certified reference
samples with various enrichments (uranium mass
~169 g in the samples CRM 969 and ~ 194 g in the
samples CRM 146). It is seen that, indeed, starting with
the contents of >**U more than 0.7 wt. %, the **U iso-
tope activity becomes predominant and reaches ~ 90%
of the total activity for highly enriched uranium.

Table 2 gives the results of determining the ***U iso-
tope content using the software codes MGAU and
FRAM, as well as the empirical equation described
above.

In the Table, besides the **U content values, the
standard deviations and relative measurement errors (o
and J) are given. The research results show that the
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available methods of ***U analysis are, most likely

quantitative, especially for the samples with natural

(0.7 wt. %) and depleted (0.3 wt. %) *°U contents.

100
90
80
70
60
50
40
304 2
20
104

0 T T T
0,1 1 10
Content of U, wt.%

Fig. 2. Contribution of uranium isotope activities into

the total activity of uranium-bearing materials versus

their enrichment: 1 — activity of > U;
2 —activity of P'U; 3 — activity of *U

The results of the MGAU code application leads to
the underestimation of the ***U content in the entire
range of material enrichments, while the error by for-
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mula [15] is of a diverse character. There is observed a
tendency to the measurement error decrease with en-
richment increasing, so the FRAM code application for
analysis of low-enriched samples allows determining
the ***U content with an error margin less than + 10%.
Standard deviations (o) of measurement results, de-
pending mainly on the 120.90 keV line statistic and
spectral data processing algorithm, are maximum for ID
samples No 031 and No 071 (50 and 67% for MGAU
code and 64 and 26% for FRAM code), and they mono-
tonically decrease to 20 and 3%, respectively, with en-
richment increasing.

To develop an alternative method for determination
of the ***U content based on the “intrinsic” efficiency
calibration, the P/I ratios were plotted, as a function of
23U gamma-ray energy (143.76; 163.33; 185.72, and
205.31 keV), and then approximated by a quadratic or
linear function (Fig. 3). Thus, the coefficients 47, B,
B2, the correlation coefficients R2 and the mean-square
deviation (standard uncertainty) were found. The selec-
tion of the approximation function was based on an
evaluation of the correlation coefficient and mean-
square deviation (MSD), the maximum value of the
latter did not exceed 0.9%.

Table 2

Results of determining the **U isotope content using the software codes MGAU and FRAM,
as well as the empirical formula [15]

Sample ID MGAU FRAM By equation [15]
C(**U)+o, 3, % C(**U)+o, 3, % C(**U)+o, 3, %
wt. % wt. % wt. %
031 0.0040%0.0020 +100.00 0.0028+0.0018 +40.00 0.0033 +67.10
071 0.0030%0. 0020 -42.31 0.0070£0.0018 +34.62 0.0057 +8.77
194 0.0110£0.0030 -35.67 0.0169£0.0018 -1.17 0.0129 -24.17
295 0.0200£0.0040 -28.32 0.0254+0.0019 -8.96 0.0191 -31.63
446 0.0250%0.0050 -30.36 0,0377£0.0021 +5.01 0.0285 -20.73
NBLO0013 0.1140%0.0230 -23,29 0.1474£0.0090 -0,81 0.1399 -5.83
NBL0014 0.2730£0.0550 -26.57 0.2366%0.0067 -36.36 0.4547 +22.30
NBLO0015 0.7270£0.1460 -25.82 0.8930%0.0254 -8.88 1.0106 +3.13
w 0,0007
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Fig. 3. Results of the approximation of the P/I ratio versus ** U gamma-ray energy and its extrapolation
into the 120 keV energy range: a — sample ID No 031; b — sample ID No NBL0015

b

The resulting functions were used to find the ratio
PYas [15,5° and further, determining PY =4 /1534
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by processing the 120.90 keV peak from the obtained
spectral data, the ratio of activities 4Y72*/4"** was
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calculated and, as a consequence, the By isotope con-
tent was determined. The calculation results are given in
Table 3.

The maximum standard deviation values (o) are 28
and 5% for depleted and natural uranium. This is ex-
plained by the low ***U peak statistic (120.90 keV) in
these samples (0.000136 and 0.0082 counts/s) and, as a
consequence, by a significant uncertainty in the analysis
of its area. For all other enriched samples, the standard
deviation value ranges from 1.0 to 2.5%. The measure-
ment error monotonically decreases with enrichment
increasing that is also explained by the increase of the
240, U peak intensities and by the volume of their
statistics.

Table 3
Results of the ***U isotope content determination using
the method of “intrinsic” efficiency calibration

Sample ID| Certified | Measured c,% | 6, %
C( 234U) , C( 234U) ,
wt. % wt. %

031 0.0020 0.001854 | 28.41 | -7.30
+0.000527

071 0.0052 0.005574 5.02 | +7.20
+0.000280

194 0.0171 0.018327 2.15 | +7.18
+0.000394

295 0.0279 0.029392 1.21 | +5.35
+0.000355

446 0.0359 0.037466 1.28 | +4.36
+0.000480

NBLO0013| 0.1486 0.154782 1.85 | +4.15
+0.002870

NBL0014| 0.3718 0.382856 2.52 | +2.97
+0.009655

NBLO0015| 0.9800 1.007102 2.50 | +2.77
+0.025198

The relative measurement error (3) behaves simi-
larly to the standard deviation for the same reasons. An
insignificant systematic overestimation of the ***U con-
tent value is associated with the error of experimental
data approximation by a quadratic function, and proba-
bly this problem can be solved by selection of an alter-
native function.

To apply the “intrinsic” efficiency method for detec-
tor calibration, in order to determine the ratio of iso-
topes activities, the presence of their sufficiently intense
lines with close energies in the spectrum is required. For
#%U and *°U isotopes this condition is optimally satis-
fied, mechanisms and effects of the interaction between
gamma-ray and materials of the sample, detector and
container are identical for the specified geometry of
measurements in a narrow range of energies. Conse-
quently, the isotope activity ratio under consideration
can be reliably derived by approximation of the normal-
ized counting rates in the photoelectric absorption peaks
of *°U followed by extrapolation of this dependence
into the energy range of ***U gamma-ray.

The lower detection limit of values C(**U) -

0.0020 wt. % (20 pg/g) is consistent, by the value order,
with the maximum allowable contents of >**U in the raw
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material of natural and enriched UF; that indicates the
possibility of applying the proposed method for the ana-
Iytical quality control of NFC products. It should be
noted that the approaches described in this paper sug-
gest a uniform distribution of uranium isotopes in the
matrix and the absence of a significant gamma-ray ab-
sorption. For example, the characterization of radioac-
tive waste may require further research to set the sensi-
tivity limits of the proposed method.

CONCLUSIONS

The available methods of non-destructive determina-
tion of ***U isotope content in uranium-bearing materi-
als have been analyzed, and an alternative approach of
“intrinsic” efficiency calibration of the detector is pro-
posed.

It is shown that the use of up-to-day commercial
software products for isotopic uranium analysis does not
allow to reliably evaluate the content of **U isotope in
depleted and natural samples due to a significant meas-
urement error (from 35 to 100%). In the case of en-
riched uranium analysis, the MGAU software code sys-
tematically underestimates the **U content by
20...30%, and the FRAM code can be used in the range
of #°U enrichments from 2 to 20%.

Features of the interaction between the gamma-ray
and materials of the sample and detector in the energy
range of the most intense lines of ***U and *°U
(120...210 keV) provide an opportunity to implement
the approach of “intrinsic” efficiency calibration for
24U content analysis. As a result, the error of the 2**U
content analysis did not exceed 7.5% in the entire range
of U (0.3...93%) enrichment and ***U concentrations
(20...9800 pg/g).
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OIPEJEJEHUE COJAEPKAHUS U30TOIIA **UB YPAHCOJIEP)KAIIIMX MATEPHAJIAX
METOJA0OM I'AMMA-CIIEKTPOMETPHUU BBICOKOI'O PASPEHIEHUS

.B. Kymnuau, /I./1. Bypoeunwiii, H.H. Caguenko

[IpoaHnamu3upoBaHbI CYIIECTBYIONIME METObI HEPa3pyIIAIOUIEro ONpeieiIeHHs KOJINIECTBEHHOTO COJep KaHHsI
usoroma ~*U B ypaHCOJepKAIIMX MAaTepHaNax, a TAKKe NPEIOKEH albTePHATHBHBIA METOJI, OCHOBAHHbIH Ha TOJI-
X0Jie KaJTMOPOBKH JETEKTOpa IO «XapakTepHoi» addekruBHOCTH. B KauecTBe mccieayeMbix 00pasioB UCIIONb30-
BaJIM CepTU(HUIMPOBAaHHBIE CTAHIAPTHBIE 00pa3ipl ypaHconepxanmx MatepuaioB CRM 969 u CRM 146 (unrep-
Bal HccnenyeMbix oboramennii mo U (0,3...93%), H3MepeHHs IPOBOIMIN C MOMOIIBIO MIHPOKOHAMTA30HHOIO
JIETEKTOpPa HA OCHOBE I'eépPMaHHs BHICOKOH uncToThl THIa BeGe 3830 (Canberra, CIIIA) miomamsio 38 cM® U TON-
nmHOM 3 cM. Mcmonk3oBaHue MOAX0Aa KaJTMOPOBKH JETEKTOpa IO «XapaKTepHOW» 3(PQPEKTHBHOCTU IS aHAIU3a
#%U nmpHBOAMT K CHIDKEHHIO MOTPENIHOCTH M3MepeHHil 10 7,5% BO BceM aMamasoHe oborameHuit mo > U
(0,3...93%) u uccaexyempix KoHueHTpammii > 'U (20...9800 ur/r). IpeanaraeMblii MeTon He TpeGyeT HATHUMs
CTaHAapTHBIX 00pPa3LOB ISl KAJIMOPOBKU 000PYIOBaHUsS, HE 3aBUCUT OT (PU3NUECKOH (XMMHUUECKOH) (hopMBbI HccIte-
JTyeMbIX MaTepUaioB ¥ TEOMETPHU U3MEPEHHH.

BU3HAUYEHHSI BMICTY I30TOITY **U B YPAHBMIIIYIOUHUX MATEPIAJIAX METOJIOM
TAMMA-CIIEKTPOMETPIi BUCOKOI'O PO3IOALIEHHSI

.B. Kymnii, /I./l. Bypoeunuii, H M. Casuenko

[IpoaHasTi30BaHO iCHYIOUI METOM HepyIHIBHOro BU3HAYCHHS KibKiCHOro BMicTy i30Tomy >*U B ypaHBMIlILyIo-
YHMX Marepiajiax, a TaKOX 3alpONOHOBAHO aJbTEPHATUBHHUN METOJl, 3aCHOBAHUH Ha MiIXO0J KaniOpyBaHHS JETEKTO-
pa 3a «XapaKkTepHOI» e(peKTHBHICTIO. B SKOCTI HOCIIKYBaHUX 3pa3KiB BUKOPUCTOBYBAJIHM cepTH(IKOBaHI CTaHaap-
THi 3pa3ky ypaHBMilIylounx Matepianie CRM 969 i CRM 146 (intepsan 36arauens mo > U (0,3...93%), Bumipio-
BaHHS TPOBOJMIM 3a JIOIOMOIOI0 HIMPOKO1ala30HHOTO JIETEKTOpa HAa OCHOBI T'€PMaHII0 BUCOKOI YHUCTOTH THITY
BeGe 3830 (Canberra, CIIIA) motiero 38 cm” i TOBIIHHOIO 3 cM. BHKOPHCTAaHHS M AXONY KamiOpyBaHHS AETEKTOpa
33 «XapaKTepHO» e(eKTHBHICTIO 1 aHamizy > ‘U NPU3BOAUTS 10 3HIKEHHS MOXUOKH BHMIpIOBaHb 10 7,5% y
BCHOMY Jianasoni 36arauens mo >>>U (0,3...93%) i koruenTparniii 2**U (20...9800 pr/r). 3ampornoHoBaHHii METOX He
BHUMarae HasBHOCTI CTaHIAPTHUX 3pa3KiB Ui KajgiOpyBaHHS OOJaIHAHHSI, HE 3aJIeKUTh BiJ (i3udHOI (XIMIYHOT)
(bopMu TOCIiPKYBaHUX MaTepiasiiB i reoMeTpii BUMipIOBaHb.
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