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Abstract— This paper reports the experimental qualification of 

an original uranium characterization method based on 

fluorescence X rays induced by the spontaneous gamma emission 

of bituminized radioactive waste drums. The main 661.7 keV 

gamma ray following the 137Cs decay produces by Compton 

scattering in the bituminized matrix an intense photon 

continuum around 100 keV, i.e. in the uranium X-ray 

fluorescence region. “Self-induced” X-rays produced without 

using an external source allow a quantitative assessment of 

uranium as 137Cs and uranium are homogeneously mixed and 

distributed in the bituminized matrix. The paper presents the 

experimental qualification of the method with real waste drums, 

showing a detection limit well below 1 kg of uranium in 20 min 

acquisitions while the usual gamma rays of 235U (185.7 keV) or 
238U (1001.0 keV of 234mPa in the radioactive decay chain) are not 

detected. The relative uncertainty on the uranium mass assessed 

by self-induced X-ray fluorescence (SXRF) is about 50%, with a 

95% confidence level, taking into account the correction of 

photon attenuation in the waste matrix. This last indeed contains 

high atomic numbers elements like uranium, but also barium, in 

quantities which are not known for each drum. Attenuation is 

estimated using a peak-to-Compton ratio to limit the 

corresponding uncertainty. The SXRF uranium masses measured 

in the real drums are in good agreement with long gamma-ray 

spectroscopy measurements (1001.0 keV peak) or with 

radiochemical analyses.  

 
Index Terms—Gamma-ray spectroscopy, self-induced X-ray 

fluorescence, bituminized radioactive waste 

 

I. INTRODUCTION 

HITHIN the framework of the cleaning operation of 

Marcoule reprocessing plant UP1, in France, the French 

Atomic and Renewable Energy Commission (CEA) has 

developed a scale one mock-up of an industrial measurement 

system for 225 L radioactive waste drums containing 

bituminized radioactive sludge originating from the effluent 

 
Manuscript submitted on 2 July, 2013. This work was supported by former 

CODEM economic group gathering CEA, EDF (French public utility) and 

AREVA NC Marcoule (historic operator of UP1 reprocessing plant). CODEM 

was in charge of UP1 dismantling operations and in particular radioactive 
waste retrieval.  

P. Pin was with CEA, DEN, Cadarache, Nuclear Measurement Laboratory, 

F-13108 Saint-Paul-lez-Durance, France. He is now with AREVA NC, La 
Hague, F-50444 Beaumont-Hague Cedex, France (e-mail: 

patrick.pin@areva.com). 

B. Pérot is with CEA, DEN, Cadarache, Nuclear Measurement Laboratory, 
F-13108 Saint-Paul-lez-Durance, France (e-mail: bertrand.perot@cea.fr). 

treatment. The objective of the measurement system was to 

determine the radiological inventory of each waste package, 

with a special care to minimize the uncertainty on the total 

alpha activity. A mock-up was built to qualify the design and 

performances assessed by numerical simulation [1]. The 

system consists of a 
60

Co gamma imaging station to determine 

the waste matrix filling height and density, a neutron cell with 

a pulsed DT neutron generator to assess 
235

U and 
239

Pu, as well 

as 
240

Pu in passive mode, and the two gamma-ray 

spectrometers sketched in Fig. 1.  
 

 
 
Fig. 1. Top, left panel: “High- and Low-Energy” Spectrometers (HES, LES); 

Top, right: MCNP model of the Compton Suppression Spectrometer (CSS); 
Bottom, left: LES global view (shielded CSS aiming at the drum behind a 75 

cm long iron collimator); bottom, right: CSS prototype. 

 

The CSS is made of a planar high-purity germanium 

(HPGe) detector surrounded by a BGO (Bi4Ge3O12) veto 

shield. It is dedicated to “low” energy photons ranging from 

the 59.5 keV line of 
241

Am, for which this detector was 

optimized, to the 661.7 keV gamma ray of 
137m

Ba, radioactive 

daughter of 
137

Cs [2], [3]. The HPGe detector aims at the 

bituminized waste through an iron collimator with different 

apertures, depending on the gamma emission rate of the waste, 

which divides the drum in four vertical sectors. The mock-up 

of the gamma station shown in Fig. 1 just includes one CSS 

and the drum is elevated to measure successively the four 

sectors, but four stacked CSS were planned for the industrial 
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system. A second gamma spectrometer based on a 100% 

relative efficiency HPGe coaxial detector is used for “high” 

energy photons, i.e. from 661.7 keV to the 2614.5 keV gamma 

ray of 
208

Tl, from the 
232

Th decay chain. The 100% HPGe 

detector measures the drum in open geometry. It is shielded by 

lead plates with a thickness adjusted to the radiation level of 

each package. 

The knowledge of the uranium mass is needed to minimize 

the uncertainty on the 
239

Pu mass measured by pulsed neutron 

interrogation, because of the presence of a significant uranium 

quantity in each drum, i.e. around one kilogram in average and 

several kilograms in some drums. The prompt and delayed 

fission neutron signals induced by a pulsed neutron generator 

are recorded. They mainly depend on 
235

U and 
239

Pu, but 
238

U 

also contribute to the delayed signal [1]. Therefore, the 
238

U 

quantity must be assessed to minimize uncertainty on the 
239

Pu 

mass extracted from these two signals. As the 
235

U/
238

U ratio is 

not well known for each drum (it is approximately known as a 

function of the drum production period), an alternative is to 

measure 
238

U by gamma-ray spectroscopy. However, the usual 

1001.0 keV line of 
234m

Pa, in radioactive equilibrium in the 
238

U decay chain, requires much longer acquisitions than the 

20 min imposed to characterize the thousands of waste drums 

present in UP1 plant.  

Therefore, we proposed to measure the total uranium mass 

(the 
238

U mass fraction being larger than 99%) using its 

fluorescence X rays induced by the intense Compton 

continuum produced in the waste matrix by the 661.7 keV 

gamma rays [4], [5]. This photon excitation spectrum is 

maximum around 100 keV, leading to significant photoelectric 

absorption in uranium followed by X-ray fluorescence. The 

intense K X rays at 98.4 keV (100%) and 94.7 keV (~62%) 

are clearly visible in Fig. 2. The “self-induced X-ray 

fluorescence” (SXRF) method allows a quantitative uranium 

assessment because it is homogeneously mixed and distributed 

with 
137

Cs in the bituminized matrix. SXRF is already 

employed to assess the plutonium to uranium elemental ratio 

in solid spent fuel, or in dissolution aliquots, using the 

98.4 keV and 103.8 keV K1 lines of U and Pu, respectively, 

see for instance [6] and references therein. However, to our 

knowledge, SXRF was neither applied in the field of 

radioactive waste characterization, nor for an absolute 

measurement of the uranium quantity. Additionally, the SXRF 

signal is here corrected for low-energy photon attenuation 

(Compton continuum in the 100 keV region and 98.4 keV 

uranium X ray) with another innovative method based on a 

peak-to-Compton ratio [7]. The signal is indeed extremely 

sensitive to the concentration of high atomic numbers 

elements in the bituminized waste, like uranium (Z=92) and 

barium (Z=56). This paper presents the experimental 

qualification of SXRF through real waste drum measurements.  

 

 

 

 

II. DETAILED PRINCIPLE 

The gamma-ray spectra of five real waste drums are 

reported in Fig. 2, showing mainly the 661.7 keV full-energy 

peak and the associated Compton continuum. The radioactive 

decay of 
137

Cs (30.17 year period) is followed by the isomeric 

transition of 
137m

Ba (2.55 min) with the emission of a 

661.7 keV gamma ray. Uranium, lead and bismuth 

fluorescence X-rays (see details further in Fig. 7 and 8) are 

due to the presence of uranium in the bituminous mix, bismuth 

in the CSS veto shield (BGO scintillator), lead in an external 

shield surrounding all the CSS (not shown in Fig. 1) as well as 

in the bituminized matrix (but in minute quantity).  

All spectra are normalized to the number of counts (net 

area) in the 661.7 keV peak of drum #1. The presence of high-

Z elements clearly attenuates the Compton continuum at low 

energy. The peak-to-Compton ratio can thus be used to correct 

for low energy photon attenuation [7]. The density of the 

bituminous mix and the quantity of uranium and barium 

present in these five drums are given in Table I. Density is 

assessed with the 
60

Co gamma radiography station, with a 

95% confidence interval of  10%. The uranium mass is here 

determined by 80,000 s acquisitions (1001.0 keV line) for 

drums #1, #2 and #3. This was however not possible for more 

recent drums #4 and #5 because of interfering gamma rays at 

996.3 and 1004.7 keV (
154

Eu, 8.6 year period). In these drums, 

barium and uranium masses are given by radiochemical 

analyses on radioactive sludge before mixing with bitumen. 

For drum #4, the available masses are averaged over year 

1997. The waste producer also provided for drum #4 another 

mass of barium deduced from the waste inventory of year 

1997. Systematic online quality controls were not performed 

when the three older drums were produced, but barium was 

not used in the process at that time. This was confirmed by 

radiochemical analyses on samples extracted from six historic 

drums including drums #1 and #3. 

 

 
Fig. 2.  Gamma-ray spectra of five 225 L bituminized waste drums 
corresponding to 20 min acquisitions. Spectra are normalized to the 661.7 keV 

net area of drum #1. The X-ray region is detailed in further Fig. 7 and 8. 
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TABLE I.  DENSITY OF THE DRUMS AND HIGH-Z ELEMENTS. 

 

Drum 
Production 

year 
Density 

U mass 

(kg) 

Ba mass 

(kg) 

#1 1968 1.40 0.84a No Ba 

#2 1971 1.20 3.50a No Ba 

#3 1972 1.30 7.56a No Ba 

#4 1997 1.34 0.85b 5.6
 c
 or 9.4

d
 

#5 1998 1.35 0.94e 5.1e 
a  Gamma-ray spectroscopy with a 95% confidence interval of ±20%.  
b Radiochemical analyses performed by the waste producer (average of  

          1997 compositions) with a [-43%;+21%] confidence interval.  
c  Annual waste inventory: 5.6 kg ± 60%. 
d     Average chemical analyses of year 1997: 9.4 kg [-43%;+33%]. 
e  Online radiochemical analyses with a ± 20% confidence interval. 

 

The level of the Compton continuum in the 100 keV region 

is used to estimate self-absorption of low energy photons in 

the bituminized matrix, like the 59.5 keV gamma ray of 
241

Am 

as detailed in [3]. It can be used here to correct for the 

attenuation of the SXRF sensitivity coefficient, CSXRF (kg
-1

), 

which links the most intense uranium X-ray net area S98.4keV 

(counts) to the uranium mass MU (kg), and to the 661.7 keV 

peak net area S661.7keV (counts) i.e. the excitation source 

intensity:  

SXRFkeV

keV
U

CS

S
M




7.661

4.98      (1) 

The attenuation correction uses a ratio between the counts 

in the 79 to 83 keV area of the Compton continuum and in the 

661.7 keV peak (net area). This “Compton index”, as well as 

the CSXRF sensitivity coefficient, are calculated with the 

MCNP computer code (see simulation details in section III) 

for a large range of matrix chemical compositions and 

densities, representative of the industrial process. A linear 

correlation is established from these calculations (e.g. in 

Fig. 3), which allows deducing CSXRF of a given drum without 

knowing its matrix composition, but just using the measured 

Compton index. 
 

 
Fig. 3.  Correlation between CSXRF sensitivity coefficient and Compton index 

(normalized to a reference matrix) calculated with MCNP for a large range of 

matrix compositions and for a fixed density of 1.3 g/cm-3. The uranium and 
barium masses vary here from 0 to 10 kg and from 0 to 30 kg, respectively.  

 

Barium was introduced in the industrial process only in 

1978. On the other hand, the theoretical matrix provided by 

the waste producer to CEA to perform feasibility studies 

showed unrealistically high photon absorption with respect to 

actual matrices. The correlation of Fig. 4, calculated without 

this reference matrix and without barium, shows that using a 

restricted matrix domain based on production periods allows 

reducing dispersion on CSXRF, and finally MU uncertainty.  

Additionally, the bituminous mix density was varied for six 

matrix compositions (close to the linear fit of Fig. 4 and 

covering the whole Compton index range) because CSXRF 

strongly depends on the matrix density, see Fig. 5. This last is 

measured in the gamma radiography station with an 

uncertainty of ± 10% (95% confidence interval), leading to a 

significant uncertainty on CSXRF and subsequently MU. 

Different collimator apertures can be used, depending on 

the gamma irradiation level of each drum, to keep the count 

rate of the HPGe planar detector below 3.10
4
 s

-1
. Available 

apertures are 2.52 cm  2.52 cm (the one used to calculate 

correlations of Fig. 3 to 5), 1.75 cm  1.75 cm, 1.75 cm  

0.5 cm and 1.75 cm  0.4 cm. Collimator aperture has a 

limited but non-negligible influence, see Fig. 6. However, 

using fast numerical electronics handling higher count rate as 

the analog electronics implemented for these tests, would 

allow using a unique collimator for all drums. 

 

 
Fig. 4. Correlation between CSXRF and the Compton index on a smaller domain 
of matrix compositions. 

 

 
Fig. 5. Effect of density on the CSXRF vs. Compton index correlation. 
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Fig. 6. Effect of the collimator aperture on the CSXRF vs. Compton index 

correlation, calculated for the 1.3 g.cm-3 matrix density. The correlation of the 

1.75 cm  0.4 cm collimator is not reported as it is almost identical as the 

1.75 cm  0.5 cm one. 

 

Finally, the total uncertainty on uranium mass determined 

by SXRF is mainly due to the following causes:  

 counting statistics of the 98.4 keV peak net area, which 

is lower than  15% (1 , one standard deviation) in 

20 min for an uranium mass larger than 1 kg. The 

statistical uncertainty might be larger for a smaller 

mass, depending on 
137

Cs activity and matrix 

composition, but the effect of uranium on active 

neutron measurement would then be negligible; 

 uncertainty on the measured Compton index, i.e. 

quadratic sum of relative statistical uncertainties on the 

661.7 keV net area and on the 79 to 83 keV integral 

counts; they are less than 1% and 3% (1 ), 

respectively; 

 determination of CSXRF using an abacus like the one 

reported in Fig. 5, due to the uncertainty on matrix 

density, measured by gamma radiography, and to the 

dispersion of the points around the fit, see Fig. 3 and 4. 

A conservative uncertainty of  40% (95% confidence 

interval) is arbitrarily attributed to CSXRF. One can note 

that the relative statistical uncertainty of Monte Carlo 

calculations performed to establish all correlations is 

less than 3%, both on Compton indexes and on CSXRF 

sensitivity coefficients. 

Finally, the uranium mass can be estimated by self-induced 

X-ray fluorescence with an uncertainty of  50% (95% 

confidence interval). This uncertainty is quite large compared 

to usual gamma spectroscopy assessments with higher energy 

photons (e.g. the 1001.0 keV gamma ray if a long acquisition 

time was possible) but it is sufficient to correct for uranium 

interference in the pulsed neutron assessment of 
239

Pu. The 

correction indeed concerns a secondary delayed neutron signal 

due to induced fissions of 
238

U [1]. It improves the extraction 

of the 
239

Pu mass from the prompt and delayed neutron 

signals, which mainly depend on 
235

U and 
239

Pu. The total 

uncertainty on the 
239

Pu mass does not only depend on this 

correction, but on many other parameters like the knowledge 

of the matrix composition. It is about 50% for a typical drum 

containing about 1 g of 
239

Pu and 1 kg of uranium [1]. A 

similar uncertainty is obtained for the other major contribution 

to alpha activity in these drums, i.e. 
241

Am, the assessment of 

which being performed with the low-energy 59.5 keV gamma 

ray and the peak-to-Compton method [7].  

III. SIMULATION VS. EXPERIMENT 

The low energy spectrometer of Fig. 1 was modeled using 

the MCNP Monte-Carlo transport code [8]. Calculation is 

performed in two steps to improve statistical convergence.  

An isotropic 661.7 keV photon source is first uniformly 

sampled in the homogeneous bituminous mix and the photon 

current (MCNP F1 tally), or flux (F2 tally), is calculated on 

the HPGe detector entrance surface. This last is located 

180 cm away from the drum axis, behind the 75 cm long iron 

collimator. The collimated geometry and significant photon 

absorption in the matrix requires using MCNP variance 

reduction techniques such as the “Weight Window Generator” 

and the “DXTRAN Sphere”. The “Flux at a Point Detector” 

(F5 tally) is also very efficient, but F1 and F2 tallies better 

simulate the specific 2D photon distribution on the detector 

surface due to transmission effects through the edges of the 

collimator. 

The second step consists in calculating the energy 

distribution of the pulses created in the HPGe planar crystal 

(2.54 cm diameter and 1.3 cm thickness) by the photon 

current, or flux, calculated in the first step. We use here the 

MCNP “Pulse Height” tally (F8), and the measured energy 

resolution of the HPGe detector is taken into account with the 

MCNP GEB (“Gaussian Energy Broadening”) card. 

Calculated and experimental spectra of drums #3 and #5 are 

reported in Fig. 7 and 8, respectively. Each experimental 

spectrum is the sum of the four segmented spectra recorded 

successively in each sector of the drum, as explained in the 

paragraph below Fig. 1.  

 

 
Fig. 7. Simulation (1st step with tally F2 and 2nd step with tally F8) and 

experimental spectra of drum #3 measured with the 1.75 cm  1.75 cm 
collimator. 
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Fig. 8. Simulation (1st step with tally F2 or F5, and 2nd step with tally F8) and 

experimental spectra of drum #5 measured with the 1.75 cm  0.5 cm 

collimator. Note that statistically non-significant bins occurred in the F2 

calculation, leading to nonphysical peaks in the F8 calculation.  

 

It must be noted that the bituminized matrix consists of 

superimposed homogeneous slices, but each slice can be 

different from the others in terms of activity and density.  

Indeed, radioactive sludge is finely mixed with bitumen in an 

extruder, but it is poured in several steps in the drum to allow 

cooling down (each slice is ~1/4
th

 of the drum). Several drums 

are successively and partly filled on a carousel, and the nature 

of the sludge can change before a drum is fully filled. The 

matrix composition being unknown in each sector, we 

compare the sum spectrum to numerical simulation performed 

with an average matrix composition.  

For drums #1 and #3, the matrix composition of the 

bituminous mix (C, O, H, S, Fe…) was determined by 

radiochemical analysis on samples extracted from the final 

packages. As we did not have this information for drum #2, 

we used the composition of another sampled drum produced in 

the same period (March 1971). For more recent drums #4 

(1997) and #5 (1998), composition was determined by 

radiochemical analyses performed on radioactive sludge 

before mixing with bitumen (online quality controls). As 

already mentioned, however, only the average over one year 

of production was available for drum #4.  

Besides low Z elements of the bituminous mix (C, O, H, S, 

Fe…), the uranium mass in drums #1, #2 and #3 was 

determined by long gamma-ray spectroscopy measurements 

using the 1001.0 keV line. This was not possible for drums #4 

and #5 because of 
154

Eu interfering gamma rays at 996.3 and 

1004.7 keV, and therefore the uranium mass was determined 

by online radiochemical analyses. It can be noted that for 

drums #1 and #3, the uranium mass assessed by gamma-ray 

spectroscopy and by radiochemical analyses are in agreement 

within 5%, this difference being much smaller than 

measurement uncertainties.  

The main features of the gamma spectra reported in Fig. 7 

and 8 are quite correctly reproduced by calculation: 661.7 keV 

full-energy peak, Compton edge and continuum, uranium X 

rays. Bismuth and lead X rays are globally absent of simulated 

spectra because BGO and external lead shield are not 

modeled. For drum #3, simulation just shows small peaks 

associated to lead fluorescence, lead being present in tiny 

quantity in the bituminous matrix. Table II shows the ratio 

between calculated and measured CSXRF sensitivity 

coefficients. The agreement is quite correct taking into 

account modeling uncertainties, especially concerning matrix 

composition. For instance, the uncertainty on barium mass for 

drum #4 significantly influences calculated CSXRF. In addition, 

the largest discrepancy between simulation and experiment is 

observed for drum #2, for which the matrix composition was 

not directly measured, but is supposed to be similar to another 

drum produced in the same period. 

 
TABLE II.  CALCULATED AND EXPERIMENTAL  

CSXRF SENSITIVITY COEFFICIENTS. 

 

Drum 
Measured 

CSXRF (kg
-1

) 

Calculated 

CSXRF (kg
-1

) 
Ratio 

#1 0.23 0.24 0.96 

#2 0.30 0.21 1.43 

#3 0.14 0.14 1.00 

#4 0.09 
0.11

a
 0.82 

0.08
b
 1.13 

#5 0.10 0.12 0.83 
a With 5.6 kg Ba and b with 9.4 kg of barium, see Table I.   

 

On the other hand, 20 real waste drums produced between 

1968 and 1972 have been measured before the construction of 

the measurement system used in this paper. Owing to their low 
137

Cs activity (a few GBq), it was possible to use unshielded 

HPGe detector in open geometry and to detect uranium X rays 

with long acquisitions. Therefore, we simulated these 20 

measurements with MCNP to complete the above qualification 

of numerical simulations. Here, we used in the model the 

activity of 
137

Cs and the mass of 
238

U determined by gamma 

spectroscopy with the 661.7 keV and 1001.0 keV peaks, 

respectively. For 6 of the 20 drums (including drums #1 and 

#3 mentioned above), the matrix chemical composition was 

determined by radiochemical analyses on extracted samples. 

For the 14 other drums (including drum #2), it was deduced 

from the production period. The calculation-to-experiment 

ratio for the 98.4 keV uranium X ray ranges from 0.83 to 1.46 

for the 20 drums, which is rather satisfactory considering the 

uncertainty on matrix composition for most of the drums.  

Finally, numerical simulation reproduces uranium self-

induced X rays with a satisfactory precision, consistent with 

the ± 50% uncertainty of SXRF method estimated in section 

II, the main cause of uncertainty being in both cases the 

knowledge of the matrix composition. 

IV. EXPERIMENTAL QUALIFICATION OF SXRF 

The measured Compton indexes and matrix densities of the 

five drums are used to infer the CSXRF parameters from the 

abacus of Fig. 5. Equation (1) then provides the uranium mass 

MU of each drum, see Table III, from the 98.4 keV and 

661.7 keV net areas. “Reference mass MU” comes from Table 

I (gamma-ray spectrometry or radiochemical analyses). The 
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ratios between reference and SXRF uranium masses are 

consistent with measurement uncertainties. 

 
TABLE III.  REFERENCE URANIUM MASS, FROM TABLE I, VS. SXRF ASSAY. 

 

Drum 
Reference MU  

(kg) 

MU with SXRF 

(kg) 
Ratio 

#1 0.84 ± 20% 0.84 ± 50% 1.00 

#2 3.50 ± 20% 2.98 ± 50% 1.17 

#3 7.56 ± 20% 6.37 ± 50% 1.19 

#4 0.94 [-43% ; +21%] 1.13 ± 50% 0.83 

#5 0.85 ± 20% 0.95 ± 50% 0.89 

 

Table III and the spectrum of drum #5 in Fig. 8 show that 

SXRF can detect less than 1 kg of uranium in 20 min. 

Comparatively, 
238

U detection limit using the 1001.0 keV line 

of 
234m

Pa ranges from a few kilograms to dozens of kilograms, 

depending on waste activity. SXRF detection limit (DL) 

estimated by numerical simulation ranges from 0.25 to 1 kg of 

uranium in 20 min measurements [4]. The a posteriori DL (in 

kg of uranium) can be estimated from the gamma spectrum of 

each measured drum:  

 

TS

FWHMB
DL

SXRF

Compton






8.8
   (2) 

in which BCompton is the continuum level in counts per 

channel (i.e. in keV
-1

) below the 98.4 keV peak, FWHM is the 

Full Width at Half Maximum of this peak (~ 1 keV), SSXRF is 

the measured sensitivity in s
-1

.kg
-1

, i.e. the count rate of the 

98.4 keV peak (net area) normalized with the reference mass 

of uranium, MU, and T is the measurement time (1200 s). 

Results are reported in Table IV, as well as the reference 

masses of uranium and barium (from Table I) because of their 

influence on sensitivity. 

One can first underline that (2) actually overestimates DL, 

because the reference (real) uranium mass in each drum is 

larger than DL, sometimes by a great deal, and therefore SSXRF 

is underestimated. This is especially true for drums #2 and #3, 

the DL of which should be close to drum #1.  

A second important remark is that any increase of 
137

Cs 

activity proportionally raises BCompton and SSXRF, diminishing 

DL as can be seen in (2). Therefore, despite the presence of 

kilograms of barium in the matrix, DL is very small for drums 

#4 and #5, the 
137

Cs activity of which is about two decades 

larger than the other drums.  

In conclusion, a posteriori DL are far less than 1 kg of 

uranium for the five drums which cover a wide range of 
137

Cs 

activities and masses of high-Z elements.  
 

TABLE IV. SXRF DETECTION LIMITS IN 20 MIN MEASUREMENTS. 

 

Drum 
Uranium 

mass (kg) 

Barium 

mass (kg) 

Detection limit 

(kg of U) 

1 0.84 No Ba 0.22 

2 3.50 No Ba 0.51 

3 7.56 No Ba 0.49 

4 0.94 5.6 or 9.4 0.12 

5 0.85 5.1 0.16 

V. CONCLUSION 

Self-induced X-ray fluorescence (SXRF) is a sensitive 

method allowing uranium characterization in homogenous 

radioactive bituminized waste drums by passive gamma- and 

X-ray spectroscopy. The detection limit is well below 1 kg of 

uranium in 20 min with a collimated germanium detector. 

When the 98.4 keV uranium X ray is detected with sufficient 

counting statistics, i.e. for a uranium mass which could 

influence active neutron measurements (i.e. ~ 1 kg and more), 

the uncertainty on the uranium mass assessed with SXRF is 

about  50% with a 95% confidence level. The method just 

requires the knowledge of the bituminized matrix density, 

other information being present in the gamma spectrum (
137

Cs 

activity, which is the fluorescence excitation source and 

Compton continuum, to correct for low energy photon 

attenuation) and a priori determined by numerical simulation 

(SXRF sensitivity coefficient as a function of density and 

Compton index). As a consequence, the method can easily be 

implemented without hardware modification. 
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