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ABSTRACT 
 
Two XRF specimen preparation methods were investigated for quantifying gallium in plutonium 
metal.  Gallium in plutonium was chosen here as an example for demonstrating the efficacy of 
wavelength dispersive XRF for quantifying radioactive materials.  The steps necessary to handle 
such materials safely will also be discussed.  Quantification of plutonium samples by a well-
established aqueous specimen preparation method resulted in relative precision and accuracy 
values of well less than 1%.  As an alternative to the aqueous approach, a dried residue method 
was studied.  Quantification of gallium in samples using this method resulted in relative 
precision and accuracy values an order of magnitude worse, but the method is faster, safer, and 
generates less waste than the aqueous process.  The specimen preparation details and analysis 
results using each method will be presented here. 
 
INTRODUCTION 
 
Wavelength dispersive X-ray fluorescence (WDXRF) can be used to analyze radioactive 
materials both qualitatively and quantitatively since most of the background radiation is removed 
by the analyzer collimators and crystal.  However, the use of energy dispersive XRF can be 
problematic because the specimen background radiation can saturate the detector, and radiation 
peaks can overlap with analytical peaks.  Hence, WDXRF was used here to quantify gallium in 
plutonium metal (Pu239).  The only major challenge with analyzing low to moderately 
radioactive materials such as Pu239 is the sample and specimen handling processes.  The utmost 
care must be taken to assure that no radioactive contamination is present on the exterior of a 
specimen cup before introduction into the instrument.  A detailed discussion of the sample and 
specimen handling procedures is listed in the following experimental section. 
 
Gallium is added to plutonium during the manufacture of nuclear weapons, and it is critical to 
determine the concentration of the gallium accurately.  WDXRF is a proven method for 
quantifying the gallium as will be demonstrated here.  The traditional XRF specimen preparation 
method is an aqueous dissolution process employing chromatography to remove the plutonium, 
[1] but a dried residue specimen casting process was developed recently.[2,3]  Data will be 
presented comparing these two specimen preparation approaches, and the strengths and 
limitations of each will be discussed.   
 
In the aqueous method, after removing the plutonium from a sample by chromatography, the 
eluted gallium solution is analyzed by XRF.  By removing the plutonium, considerably less 
radioactive material is introduced into the instrument (trace amounts of plutonium, americium, 
and uranium present), and matrix effects from the plutonium are eliminated.  Zinc is added to the 



eluted solution to serve as an internal standard for gallium.  While this method provides excellent 
precision and accuracy, it is time consuming (~2.5 days).  Considerable aqueous radioactive 
waste is also generated, and radioactive liquid specimens must be introduced into the instrument. 
 
Casting solutions as dried residues for XRF analysis has been studied in the past for 
preconcentrating trace elements to improve the detection limits.[4-9]  As an alternative to the 
gallium aqueous method, a dried residue casting process has been pursued.  This process 
involves dissolving the sample and casting microliter sized drops on Mylar film.  Once the drops 
have dried, the specimen is sealed inside a cup and analyzed.  This method has several 
advantages over the aqueous approach.  Since dried spots are analyzed, no radioactive liquid is 
placed in the instrument.  It is also a faster specimen preparation process and creates less 
radioactive waste than the aqueous method does.  Because the dried residue specimens contain a 
lot of plutonium, however, strong matrix effects are present, and the gallium signal-to-noise is 
attenuated.  Zinc is added as an internal standard to account for this matrix effect.  Extra 
specimens are needed for each sample for statistical purposes due to the low signal-to-noise.  
However, the instrument can be operated in an automated mode, and a large set of specimens can 
be analyzed unattended. 
 
In previously reported work, plutonium-containing dried residue standards were prepared and 
calibrated.[3]  In the present report, a set of plutonium samples was quantified using this dried 
residue calibration.  The precision and accuracy results will be reported here and compared to the 
results obtained using the aqueous approach. 
 
EXPERIMENTAL 
 
Instrument.  A Philips Analytical PW2404 wavelength-dispersive XRF spectrometer with a 4000 
W rhodium anode was used.  The data were collected under helium.  A LiF 200 crystal was used 
for wavelength separation.  A 300 µm detector collimator was used in front of a scintillation 
detector.  Both the gallium and zinc intensities were collected using 50 kV and 60 mA.  A 2Θ 
angle of 38.9° was used to collect the gallium count rate (Kα line), and a 2Θ angle of 41.8° was 
used for the zinc count rate (Kα line).   
Aqueous method standards and samples.  The gallium channel analysis time was 22 sec, and two 
background channels at 38.4° and 39.5° were collected for 10 sec each.  The zinc analysis time 
was 24 sec, and two background channels at 41.2° and 42.4° were acquired for 8 sec each.  
These analysis times provided counting statistical errors (CSE) of 0.2% and 0.05% for Ga and 
Zn respectively.  These CSE values were chosen for project historical reasons; they were used in 
these laboratories in the past for the analysis of specimens prepared by a similar process.  Hence, 
the present data could be compared directly with the older data. 
Dried residue standards and samples.  A gallium channel analysis time of 208 sec was used.  
Two gallium background channels at 38.4° and 39.4° were acquired for 104 sec and 94 sec 
respectively.  The zinc channel was collected for 124 sec, and two background channels at 41.3° 
and 42.3° were acquired for 44 and 40 sec respectively.  These analysis times provided CSEs of 
0.2% for Ga and Zn, which satisfied the project requirements for analyzing these types of 
samples using the dried residue specimen process. 
 



Standards preparation.  Aqueous method.  The following standards (no plutonium) were 
prepared using distilled, deionized water (18 MΩ) as the solvent:  0, 100, 500, 1000, 3000, 5000, 
7000, and 10,000 µg gallium.  A 10 mg/mL gallium NIST traceable standard (High Purity 
Standards) was used to prepare the above secondary standards.  Zinc was added at 10,000 µg to 
serve as an internal standard using a 10 mg/mL zinc NIST traceable standard (High Purity 
Standards).  Aliquots consisting of 5 mL of the standards were transferred to single open ended 
specimen cups (Chemplex Industries), and the cells were sealed with 6 µm thick Mylar film 
(Somar International).  A 3.6 µm thick Mylar film (Somar International) was used as secondary 
containment and placed over the primary 6 µm film.  These standards were analyzed and 
calibrated. 
Dried residue method.  The following standards were prepared:  0, 100, 300, 700, 1000, 1300, 
1700, and 2000 µg of gallium.  To serve as an internal standard, 2000 µg of zinc were added to 
each standard.  Inside an open-front box, 0.17 g of high purity electrorefined plutonium was 
added to each standard, and 0.5 M HNO3 was added to bring the total volume to 10 mL.  Note:  
all work involving plutonium was performed inside an open-front box.  A 6 µm Mylar film was 
mounted on a double open ended specimen cup, and seven 15 µL drops of the standard solution 
were cast on the cell interior side of the film in a face-centered hexagonal pattern.  The cells 
were kept on a clean paper towel to prevent the exteriors from contacting any radioactive debris 
in the open-front box.  This process was repeated for each standard, and two specimens were 
prepared from each standard solution.  The drops were air dried for ~45 min using a heat lamp, 
and the open end of each cell was sealed with microporous Teflon film.  Using an α radiation 
monitor, each cell was verified to be free of any external contamination, and the specimens were 
transferred to the instrument.  A piece of 3.6 µm Mylar film was placed over the primary 6 µm 
film to act as secondary containment during the analysis.   
 
Test sample preparation.  Aqueous method.  All acids were prepared from high purity grade 
stock acids (Fisher Scientific Optima grade).  A set of 18 plutonium samples were analyzed by 
XRF.  Duplicate metal pieces ~0.5 g each were extracted from each sample for analysis (referred 
to as cuts in the present work).  The cuts were dissolved with ~2 mL of 6 M HCl using a few 
drops at a time every two to three minutes to allow time for hydrogen liberation to subside 
between additions.  Approximately 1 mL of 10 M HNO3 • 0.03 M HF was added following the 
dissolution with HCl.  To prepare the anion-exchange resin for removing the plutonium, Bio-Rad 
AG MP-1 200 to 400-mesh resin (Cl− form) was rinsed with 4 M HNO3 until it was completely 
nitrated.  (No visible AgCl precipitate formed when 0.1 M AgNO3 was added to the rinse).  A 20 
mL disposable chromatography column (Bio-Rad) was filled with ~17 mL of a slurry of the 
nitrated resin and 4 M HNO3 at a 1:1 ratio by volume.  After the resin settled to the 10 mL mark, 
it was compressed with a teflon filter to the 8 mL level.  The resin was rinsed with 10 mL of 10 
M HNO3 • 0.03 M HF.  Columns were prepared in this fashion for each metal cut.  The 
plutonium solution was passed through the column, and the eluate was collected in a beaker 
containing 10 mg of Zn internal standard (High Purity Standards solution).  The plutonium was 
retained on the column resin.  The sample container was rinsed with 2 mL of 10 M HNO3 • 0.03 
M HF and added to the column.  The sample container was rinsed four times with 5 mL each of 
8 M HNO3 • 0.01 M HF and added to the column after each rinsing when the previous rinse had 
passed through.  The eluted solution volume was reduced to ~5 mL using a hot plate and heat 
lamp and brought up to 10 mL with 0.5 M HNO3.  Single open ended specimen cups were placed 
on a clean paper towel in the open front, and two 5 mL aliquots of the 10 mL sample solution 



were transferred to the cups.  This was repeated for all the samples.  The cups were sealed with 6 
µm Mylar.  Using an α radiation monitor, each cup was verified to be free of any external 
contamination, and the cups were transferred to the instrument.  A piece of 3.6 µm Mylar film 
was placed over the primary 6 µm film to act as secondary containment during the analysis. 
Dried residue method.  Three plutonium samples were obtained in duplicate for analysis (six 
metal cuts total).  The cuts (~0.25 g each) were dissolved with 1 mL of 6 M HCl in a 25 mL 
volumetric flask.  Using 0.5 M HNO3 the volume was brought to the 25 mL mark.  A volume of 
plutonium solution was extracted containing 0.17 g of Pu (amount in standards) and added to a 
beaker containing 2000 µg of zinc.  The solution volume was reduced to ~5 mL with a hot plate 
and heat lamp, and the volume was brought up to 10 mL (measured by weight).  Dried residue 
spots were prepared from the solution following the same procedure used for the standards.  
Three specimens were prepared from each metal cut casting solution (6 specimens per sample), 
and the results were averaged.  A control was prepared following this process containing a 
gallium concentration similar to that expected in the unknowns. 
 
RESULTS AND DISCUSSION 
 
Aqueous method.  The aqueous specimen preparation method has been well established in the 
author’s laboratory.  Using a zinc internal standard and measuring volumes by weight, a 
calibration can be obtained with an RMS of 0.05% of the standards concentration range. 
 
From the analysis of the 18 plutonium samples (36 metal cuts), an average precision RSD of 
0.4% was achieved, which is well below the requirement of a 1% RSD for these type of samples.  
Figure 1 depicts the precision for each sample obtained from the four measurements (two 5 mL 
specimens and two metal cuts per sample).  The precision for samples 10 and 11 was worse than 
for the other 16 samples; however, this could have been due to sample heterogeneity, as the 
gallium values differed between the two cuts for each sample.  The gallium results obtained by 
XRF were compared with those obtained by isotope dilution mass spectrometry (IDMS), an 
independent method.  The relative differences in concentration found from the two methods for 
each sample are plotted in figure 2.  IDMS is considered to be an absolute method.  Hence, the 
IDMS results were considered to be close to the true concentrations.  For all of the samples, the 
XRF values deviated by ~1% or less from the IDMS results, which is acceptable for the analysis 
of this type of sample.  In fact, the average XRF gallium concentration for all of the specimens 
prepared from the 18 samples differed by only 0.0007% from the average IDMS value.  Thus, 
XRF was demonstrated to provide very accurate and precise data, but it is faster and therefore 
cheaper than using IDMS. 
 
Dried residue method.  While the zinc internal standard greatly improved the precision of the 
measurement using the dried residue method,[3] the calibration linearity was an order of 
magnitude worse than for the aqueous method.  The calibration RMS was 0.8% of the standards 
concentration range.  Nevertheless, this was respectable given that the dried residues contained a 
high percentage of plutonium which attenuated the gallium signal significantly.   
 
In analyzing the three plutonium samples (6 metal cuts), the average precision RSD was 3.7% 
(see table 1).  The same samples were analyzed by IDMS, and the average difference with XRF 
was 5.3% (table 1).  Thus, the precision and accuracy were about an order of magnitude worse 



using the dried residue preparation approach versus the aqueous method.  However, for a quick 
screening of a sample, the dried residue process is sufficient for quantifying the gallium content, 
and the method eliminates the need to analyze radioactive liquid specimens. 
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Figure 1.  Aqueous method gallium precision for 18 plutonium samples. 
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Figure 2. XRF aqueous method comparison with IDMS for gallium concentrations of 18 
plutonium samples. 



Sample RSD (%) % Diff with IDMS 
Control 0.59 3.49* 

A 5.02 5.41 
B 4.29 4.84 
C 1.82 5.68 

Average 3.71 5.31 
*% difference with known concentration 

 
Table 1.  Dried residue precision and accuracy (% diff with IDMS) results for three Pu samples. 

 
 
CONCLUSION 
 
XRF was demonstrated to provide accurate and precise quantification of gallium in plutonium 
metal.  In addition, the extra steps involved in handling this type of radioactive material safely 
were discussed.  The aqueous method provided excellent precision and accuracy in quantifying 
gallium, while the dried residue approach offered a faster and safer means of approximating the 
gallium content (~5% relative error).  Future plans include testing a hybrid of the two specimen 
preparation methods where the plutonium is first removed with chromatography, but dried 
residue specimens are prepared.  This should improve the precision and accuracy of the dried 
residue approach by eliminating the plutonium matrix effects, but radioactive liquids would not 
have to be analyzed. 
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