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Abstract – A method for the determination of neptunium to plutonium in safeguards samples containing 
less than 10 microgram Pu is presented. The chemical treatment and the optimized measurement conditions 
for gamma spectrometry are reported. The method was validated with mixtures of U, Pu and Np certified 
reference materials and using the 237Np standard addition method, followed by separation of the waste 
fraction and gamma spectrometric analysis. The highest sensitivity, precision and accuracy in the 
determination of the Np:Pu ratio at microgram levels of Pu is achieved by evaluating 241Pu and 233Pa after 
measuring the adsorbent with a well-type gamma detector 3 weeks after chemical treatment.  The 
repeatability of determining the Np:Pu ratio is estimated to be 5%, the maximum uncertainty as determined 
from comparing the 4 measurement modes is within +10% for samples containing 3 µg Pu, while being 
within + 20% for 0.4 µg Pu. 
 
 

 
 

INTRODUCTION 
The determination of the Np:Pu element ratio in 
safeguarded samples from reprocessing facilities 
serves as a tool for flow sheet verification. If the 
samples originate from an input accountancy 
tank (IAT), they contain fission products (FP), 
limiting the amount of material which can be 
shipped from a facility to a safeguards labora-
tory. Typically, less than ten microgram Pu are 
contained in a sample. Due to the presence of 
FP’s, Np and Am, a direct radiometric measure-
ment is not possible. Instead, a chemical separa-
tion is required. For determining 237Np and Pu at 
this concentration level, the current method used 
in the Safeguards Analytical Laboratory (SAL) 
utilizes spikes (243Am, 242Pu and/or 233U) and a 
standard (237Np) added to the sample, followed 
by separations, alpha- and mass spectrometry 
[1]. However, this method is somewhat complex 
and therefore  an alternative method was sought.  
 An alternative method [2] describes the 
direct determination of the Np:Pu ratio by TIMS 
after chemical treatment and separation. This 
method is described for samples containing one 
milligram Pu. We down-scaled this method to a 
concentration level 3 orders of magnitude lower. 
This paper describes the chemical treatment and 
the optimized measurement conditions. 
 
EXPERIMENTAL 
 
The dry sample in a penicillin vial containing 
typically 1 to 5 microgram Pu as well as U, 
241,243Am, 239Np and FP’s is subjected to scree-

ning by gamma spectrometry , e.g. using a 
calibrated planar-type detector. Samples contai-
ning a large amount of 106Ru must be treated 
because the β radiation of this nuclide interferes 
with the gamma spectrum of Pu.  The sample is 
heated with 1 mL of concentrated HNO3 until 
complete dryness in order to remove ruthenium 
prior to the chemical separation process. The 
vapours (RuO4) evolving during this heating are 
adsorbed in 1 M NaOH solutions. Following this 
pre-treatment, or if the sample contains no 
excessive amounts of 106Ru, it is dissolved in 0.2 
mL of 8 M HNO3 at ambient temperature.  

A small-volume aliquot of hydrogen 
peroxide solution is added to the sample. This 
aliquot corresponds to a ca. 40-fold molar excess 
over Pu. After one day, a small volume of 
sodium nitrite solution is added under stirring, 
corresponding to a ca. 50-fold molar excess over 
Pu.  After ca. ten minutes the solution is 
subjected to adsorption chromatography on a  
column filled with ca. 0.6 mL of pre-conditioned 
TEVA™. The preconditioning consists of 
washing with ca. 30 bed volumes of 8 M HNO3. 
At a flow rate of ca. 0.2 mL min-1, most elements 
except Pu, Np and Pa are eluted with 40 bed 
volumes of 8 M HNO3.  
 The resin is then removed from the 
column and transferred to a suitable plastic vial 
for high resolution gamma spectrometry after 
decay of 239Np.  
Two detectors were compared:  
- A well-type detector  (diameter 65 mm, length 
67 mm, crystal well diameter 23.5 mm, FWHM 
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1.99 keV at 1.3 MeV) with model 2020 amplifier 
and model 8075 ADC (Canberra Industries), and 
- A planar detector (active area 10 cm2, thickness 
13 mm, window (Be) 0.5 mm, FWHM 545 eV at 
122 keV) with model 2025 amplifier and model 
8513 ADC (Canberra Industries). Both detectors 
are controlled by GENIE2000 software through 
Canberra Acquisition Interfaces. 
 
 
RESULTS AND DISCUSSION 
 
An example for the major nuclides contributing 
to the gamma activity of samples taken from the 
IAT for safeguards verification purposes is given 
in Table 1. The radioactivity of these FP is much 
higher compared with 237Np and Pu in such 
samples. In order to determine the Np:Pu ratio 
by means of their gamma spectra, the fission 
products must be removed. This separation is 
based on the adsorption of anionic nitrato 
complexes of tetravalent actinides, eluting di- 
and trivalent FP’s together with Am(III) and 
U(VI) into the waste fraction.  
 
TABLE I.  Major Gamma Emitters in a Typical  
                   IAT sample arriving at SAL 
Isotope Activity, kBq 
241Am 23 
60Co 0.15 
106Ru/106Rh 29 
125Sb 6.2 
134Cs 65 
137Cs 700 
144Ce 24 
154Eu 16 
155Eu 10 
 
 
Pre-Treatment of a Sample 
 
For relatively young fuel samples, a significant 
amount of 106Ru may be present. The decon-
tamination factor of ca. 50 for ruthenium from 
TEVA is lower compared with other fission 
products, which we ascribe to the presence of 
Ru(IV) after valence adjustment. The β-radiation 
from Ru remaining after separation would 
increase the background in the gamma spectra 
and thereby deteriorate the precision. This effect 
is shown in Figure 1. Shown are the lower 
energy range of a normal sample spectra after 
chemical separation (lower line) and a sample 
where 106Ru remained after separation (upper 
line). 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Part of the gamma spectrum of adsorbed 
Pu and Np after chemical purification in the 
absence (lower line) and presence of an excess of 
106Ru in the sample 
 

Thus, samples are subjected to 
screening by HRGS before separation. When a 
sample is found to contain more than the usual 
Ru, the Ru is removed from the sample by 
oxidative micro-distillation  with concentrated 
HNO3 until dryness. The evaporated Ru is 
collected in a caustic washing solution. 
 
Valence Adjustment 
 
The down-scaled valence adjustment applies 
ratios of reducing (H2O2) and oxidizing (NO2

-) 
agents with respect to Pu (see Experimental) 
similar to the original procedure [2]. The lower 
reaction rate of the reduction by H2O2 caused by 
the lower concentrations is taken into account 
with an increased reaction time.  The volume of 
the sample solution after the treatment is ca. 0.25 
mL if designed for a single column. If more than 
3 microgram Pu is contained, the volume is 
double and split onto two columns for parallel 
treatment. The acidity of the solution is ca. 6 M. 
This reduction/oxidation scheme works reliably 
for microgram-sized Pu samples. An alternative 
reduction step applies a large excess of H2O2 
over Pu, requiring decomposition of this excess  
by heating or by a catalyst [3].  

Plutonium, neptunium and protactinium 
are converted to the tetravalent oxidation state, 
predominating as anionic complexes. Despite the 
low redox potential for back-oxidation, Pa(IV) is 
stable in the presence of nitrite due to kinetic 
hindrance.  
 
Column Separation 
 
 The solution is transferred to the column filled 
with TEVA. Fission products, Am and U are 
eluted by using 40 bed volumes of 8 M HNO3. 
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Some uranium remains on the column, but this 
doesn’t interfere with the subsequent measure-
ments. Pu, Np and Pa are retained to more than 
99% each. The retention of 237Np was proven by 
the standard addition method. The results of one 
series are shown in Table 2.  The samples of this 
series were prepared from IAT-samples to which 
237Np CRM was added. The precision (4% 
standard deviation) can be improved by 
evaluating the line of 233Pa (vide infra). 
 
 
TABLE II. Standard Addition of Np to IAT 
Samples Containing the Same Amounts of Pu 
(4.2 µg) and Original 237Np after Column 
Separation* 
ID 237Np added 237Np found 237Np in 

IAT sample 
1 0 59.2 ng  
2 0 63.1 ng  
3 43.8 ng 104 ng 60.2 ng 
4 43.5 ng 101.2 ng 57.7 ng 

* γ-spectra evaluated by using the 86.5 keV line 
of 237Np and the 129.3 keV line of 239Pu  
 

In order to minimize distance to the 
detector and to homogenize the adsorbent, the 
resin is transferred from the column to a plastic 
counting vial by using pressurized air.  

In order to confirm the absence of Pu in 
the FP fraction, FP fractions are collected from a 
representative selection of samples the, 
evaporated and subjected to the routine TOPO 
separation [4] followed by HRGS on the fraction 
which would elute the Pu. 

Standard samples for calibration and for 
quality control were prepared starting from 
diluted Pu product samples with concentration 
and isotopic composition of Pu therein known 
from IDMS. Any Np in these samples was 
determined radiometrically. An excess of 237Np 
(CRM: RI WRM 007-2-90) was added to these 
under weight control. Typical ratios of Np:Pu in 
the standards range from 30 to 40. The material 
was adsorbed on the column and the adsorbent 
used as the respective standard.  
 
Gamma Spectrometry 
 
After the separation, the counting vial is stored 
for ca. 3 weeks to allow the majority of 239Np to 
decay, because this isotope has numerous peaks 
in the gamma spectrum.  

In order to optimize the measurement 
conditions, we compared two detectors. Figure 2 
shows gamma spectra of one and the same 

adsorbent containing Np (92 nanogram) and Pu 
(5 microgram) after separation and decay of the 
majority of 239Np, measured with a well-type 
(upper chart) and a planar detector (lower chart).  

 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Part of the γ-spectrum of adsorbed Np and 
Pu comparing well-type (upper) and planar type 
detector (lower chart). The peak intensities 
relative to the background are comparable, but 
peak areas are larger for the well-type detector 
 
Both detector types differ in their characteristics: 
(i) Well-type 
Advantages: higher efficiency (larger peak-area) 
and sensitivity, geometry is suitable for pow-
derous sample, disadvantage: summing peaks 
(ii) Planar type 
Advantages: higher energy resolution which 
allows peak deconvolution,  
Disadvantage: lower efficiency and sensitivity, 
requiring long measurement time 

E.g., the spectra in Figure 2 were 
accumulated for 28 h (well-type) and 44 h 
(planar detector), respectively. Eventually, the 
well-type detector was selected because of 
smaller uncertainties, but suitable gamma lines 
had to be selected to avoid interferences and 
summing peaks. Table 3 lists the ratios of 
measured/certified 237Np in a series of reference 
samples with 237Np standard addition, measured 
with a well-type detector at a level of 1 µg Pu. 
The standard deviation is 4%. 
 
TABLE III. Accuracy of 237Np Determination   
                    at a level of 1 µg Pu per sample 
ID 237Np added 237Np found 

certified

measured

Np
Np  

5 0 0.8 ng - 
6 0 0 - 
7 23.7 ng 24.6 ng 1.02 
8 23.5 ng 24.8 ng 1.03 
9 68.1 ng 65.2 ng 0.95 

10 67.9 ng 66.8 ng 0.98 
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Selection of Isotopes and Gamma Lines 
 
The straightforward approach in evaluating the 
gamma spectra utilizes the emission lines of 
237Np (86.5 keV) and of the main Pu isotope 
239Pu (129.3 keV). However, the count rate for 
239Pu is very low, and additionally we observe an 
unsymmetrical peak at that energy. If the isotope 
238Pu is selected instead, the 43.5 keV line has a 
higher count rate but with the well type detector 
overlaps with 240Pu at 45.4 keV. If the isotope 
241Pu is considered, the peak at 148 keV is free 
from interferences and has for IAT samples a 
sufficiently high intensity at the long counting 
times. Because the Pu isotopic analysis in IAT 
samples (determined separately by TIMS) is 
more precise for 241Pu than for 238Pu, we selected 
the former isotope for evaluation, with 238Pu and 
239Pu for cross-checking during validation. 

For neptunium, the 86.5 keV emission 
of 155Eu interferes with 237Np at the same energy. 
Although Eu is removed during the column sepa-
ration, a small percentage (maximum found so 
far: 2 Bq) sometimes remains on the column. We 
did not further investigate the reason, but 
attribute it to the high activity in some samples 
before separation (e.g. 10 kBq, Tab. 1), rather 
than to redox reactions of Eu during valence 
adjustment. The overlapping by 155Eu at 86.5 
keV can be corrected by using its 105.4 keV 
emission line. 

A second source of interference to 237Np 
are Pb X-ray lines, caused mainly by the shiel-
ding material excited by the sample activity. 
 As an alternative, the daughter nuclide 
of 237Np, 233Pa with emission at 312 keV, has a 
high intensity without interfering lines after 
decay of 239Np (Fig. 3). The nuclide was confir-
med to be in radiochemical equilibrium with 
237Np after the column separation by repeated 
measurements 0, 3 and 6 weeks after column 
separation. It means that Pa follows the redox 
cycle of Np. Although +5 is the common valence 
state of  Pa, it remains +4 in contact with nitrite 
ions, which we interpret in terms of the 
kinetically hindered oxidation reaction. 
 
Calibration and Method Uncertainty 
 
The calibration factors in µg per cps were 
determined for Pu and Np by using standard 
samples containing Pu (characterized by IDMS) 
and Np (CRM) (see Experimental).  

The typical counting uncertainty under 
optimized conditions is 3% (1 σ) for IAT samp-
les. If 106Ru is present, the uncertainty is higher.  

 
 
 
 
 
 
 
 

Fig. 3. Part of the gamma spectrum of the 
adsorbent ca. one week after column separation, 
when 239Np is still present 
 
 

If the 86.5 keV line of 237Np is 
evaluated instead of the 312 keV line of 233Pa, 
the measurement uncertainty on average 14%. 
To the method uncertainty contributes any loss 
of Pu into the FP fraction. From the γ-spectra of 
separated waste fractions, it is estimated as 0.3%. 
The calibration samples contribute to the method 
uncertainty. The uncertainty of the standard’s 
certificate is estimated as 0.35% for Pu and Np. 
 
Conclusions 
 
The highest sensitivity, precision and accuracy in 
the determination of the Np:Pu ratio at micr-
ogram levels of Pu is achieved by evaluating 
241Pu and 233Pa after measuring the adsorbent 
with a well-type detector 3 weeks after separa-
tion. Results obtained with the MGA software 
agree with those obtained by calibration with ex-
ternal standards under optimum measurement 
conditions, which require almost complete re-
moval of 155Eu 106Ru and other FP’s, at least 1 µg 
Pu and a low-level detector with long measure-
ment time. 
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