
2017 International Nuclear Atlantic Conference -
Belo Horizonte, MG, Brazil, October 22-27, 2017
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR – ABEN
 
 

STUDY OF SECULAR EQUILIBRIUM REINSTATEMENT ON UO2 
PELLETS MANUFACTURED BY AUC ROUTE

João Paulo R. Carnaval

Indústrias Nucleares do Brasil S.A. 
1, 3

2Gerência de Análise 
Rodovia Presidente Dutra, km 330

 
 
 

 
The fuel assemblies manufactured by INB for Angra 
inspected due the columns formed by different enrichment pellets. The equipment used for inspection is built 
with a group of BGO scintillators detectors wh
rays emitted from Uranium decay.  
 
The commercial grade UF6 used by INB is stored into cylinders
in secular equilibrium before the processing. It has been found that the AUC route causes the loss of that 
equilibrium because the UF6 is volatilized from the cylinder and the 
As AUC is converted to powder and pellets, the secular equilibrium is restored through time.
 
The purpose of this work is to present a study of the secular equilibrium reinstatement on UO
manufactured by AUC route before being
 
 

 
Commercially, the nuclear fuel used in nuclear reactors needs to have 
from 2 to 5%. In the Angra power plants
is a structured group of fuel rods
fissionable material. For fuel assemblies using NGF design [1]
are provided in an arrangement of axial regions. The middle region is formed by UO
having a enrichment level of 235U
(axial blanket, 2.60%). The axial blanket configuration aim to
reduces neutron leakage and do not allow a waste of uranium in a region with lo
than the center. For quality assurance of the fuel rod, its necessary to inspect if 
positions are in accordance with the original design. 
Scanner equipment, which can identify the enrichment
 
The Rod Scanner at INB uses a passive method for determine the 
pellets. This Rod Scanner has a set of 115 detectors for measuring the enrichment
rods, as shown in Fig. 1. This number of detecto
inspection, improving the performance of the 
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ABSTRACT 

The fuel assemblies manufactured by INB for Angra 1 power plant has axial blanket fuel rods which must be 
inspected due the columns formed by different enrichment pellets. The equipment used for inspection is built 
with a group of BGO scintillators detectors which measurement principle is based on the absorption of gamma 

used by INB is stored into cylinders type 30B. The uranium inside these cylinders 
in secular equilibrium before the processing. It has been found that the AUC route causes the loss of that 

is volatilized from the cylinder and the uranium daughters remain in the container. 
llets, the secular equilibrium is restored through time. 

The purpose of this work is to present a study of the secular equilibrium reinstatement on UO
ing inspected on Rod Scanner. 

1. INTRODUCTION 

the nuclear fuel used in nuclear reactors needs to have 235U isotope enrichment 
power plants, the fuels used are HTP and NGF. The fuel assembly 

is a structured group of fuel rods (FR), and these are long metal tubes containing pellets of 
assemblies using NGF design [1], the pellets inside the fuel rod 

arrangement of axial regions. The middle region is formed by UO
U (4.15 or 4.25%) being greater than the end of 

The axial blanket configuration aim to increase fuel efficiency because 
do not allow a waste of uranium in a region with lo

For quality assurance of the fuel rod, its necessary to inspect if 
positions are in accordance with the original design. Such inspection is performed 
Scanner equipment, which can identify the enrichment level of uranium along the rod

at INB uses a passive method for determine the 235U enrichment from 
Rod Scanner has a set of 115 detectors for measuring the enrichment

. This number of detectors allows a higher speed in product 
performance of the production process [2]. 
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axial blanket fuel rods which must be 
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daughters remain in the container. 

The purpose of this work is to present a study of the secular equilibrium reinstatement on UO2 pellets 

isotope enrichment 
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the end of active region 
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Figure 1: Array of gamma detectors in the equipment. 
 
The determination of enrichment is made by the interaction of gamma radiation with the 
scintillator crystal, which emits light proportionally to the ionization produced. This passive 
rod scanner detects the natural gamma radiation emission from 235U decay using a series of 
BGO scintillators crystals [3, 4].  
 
The photon emission from the source is converted in visible light by the crystal. This light is 
captured and converted to an electrical signal by the photomultiplier. The electrical signal 
resulting from the photomultiplier will be fed to a preamplifier and then sent to a 
discriminator (a unit that allows the amplitude of a signal to be analyzed, avoiding noises). 
The filtered signal will go to analog-digital converter (ADC) and finally to a pulse counter. 
The great advantage of these detectors is the perfect match between the incident photon 
energy and the pulse (pulse height) produced at the anode of the photomultiplier, which 
allows the discrimination of photons of different energies. The pulse height corresponds to the 
energy of the radiation absorbed by the detector [3]. The result is a reading spectra of photon 
counts per channel (representation of a range of energy), obtained from interactions with 
gamma radiation emitted by the uranium isotopes and their daughters contained in the FR. 
 
The enrichment is deduced from the intensity of the 186 keV gamma rays from 235U decay. As 
the enrichment level increases, the 186 keV peak becomes more intense and the background 
(from the 238U daughters) above the peak energy becomes weaker, Fig 1 [12]. The uranium 
enrichment is proportional to the net 186 keV count rate (R in the equation 1), Fig. 2. [5] 
 

R = C1 – f * C2     (1) 
 
This equation represents the subtraction of a background from the gross rate in the chosen 186 
keV peak energy region. The major contribution to the background comes from the higher 
energy gamma rays emitted by 238U daughters that causes Compton scatter in the detector. 
Even though C2 is not actually in the assay energy region, it represents the background under 
the assay region, to within a scale factor (f, to be determined by calibration). [5] 
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Figure 2: Gamma ray spectra of uranium: 0.71%235U (natural), 5%235U, and 93% 235U. 
[5] 

 
 

 
 

Figure 3: Spectrum showing the two energy regions used in enrichment measurement. 
[5] 

 
In Fig. 3, the spectrum curve is excellent to determine the enrichment of 235U, because the 
238U is in secular equilibrium with 234mPa (one of its products decays). In this case, the 
background, created by Compton’s of high energy emitted by 238U decay products and 
partially absorbed by the scintillator, is stabilized. However, when this situation is not 
happening, the measurement of enrichment level is going to be affected. The secular 
equilibrium condition between 238U and 234mPa (high energies emissions) represent a key 
importance for the correct measurement of enrichment level, as going to be shown later. 
 
From this point of view, the objective of this work is to analyze the secular equilibrium and its 
behavior in UO2 pellets produced by the AUC route, as well as its interference in the detection 
of enrichment levels. 
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1.1. Fuel Pellets Manufacturing 
 
In the reconversion process, the cylinder type 30B [6], containing approximately 2000 kg of 
UF6 (uranium hexafluoride) and solid at room temperature, is autoclaved to promote 
liquefaction and vaporization of UF6. The gaseous UF6 is carried with CO2 into a precipitating 
vessel containing an ammonium carbonate solution, parallel to a stream of NH3, causing 
chemical reaction with formation of solid ammonium-uranyl-carbonate (AUC). After 
precipitation, this compound is washed, dried and reduced to UO2. The UO2 powder is 
generated in the fluidized bed furnace, forming individual batches of powder which are gather 
together forming one powder lot [7, 8, 9]. This lot is sampled, characterized and certified 
according to INB specification. To this lot, it´s added U3O8 and solid lubricant, and the 
resulting mass is mixed and homogenized in order to standardize the characteristics of the 
final lot that will be used in the pellets manufacturing. 
 
In the pellet factory, the lot of homogeneous powder is subjected to pressing, forming UO2 
pellets which are conduced to a sintering process in furnace at 1780 °C. The sintered pellets 
are submitted to the grinding process, followed by a laser diametric inspection, and then 
sampled for characterization and certification [7, 8, 9]. Once approved, the lots of pellets go to 
the fuel assembly manufacturing plant, and then the production of fuel rods (FR) begins. Fuel 
rods will be filled, welded and inspected in several characteristics, including the position of 
the pellets in the axial regions. 
 
1.2. Radioactive Decay and Secular Equilibrium 
 
In nature, the radioactive elements perform successive disintegrations until their nuclei reach 
stable configuration, characterizing the radioactive series. The uranium element presents 
decay chains for both the 235U and 238U isotopes. In this work, the activity of 238U and 234mPa 
will be calculated due it contribution in secular equilibrium. The decay series for the 238U, 
from 238U to 234mPa, is shown in Fig. 4. 

 
 

 
 

Figure 4: 238U to 234mPa decay chain (a for years, d for days and m for minutes) [5]. 
 
Equation 2 was used on the development of equation 3, deduced to calculate the activity of 
238U and 234mPa. On that equation, i = 1 represents 238U, i = 2 represents 234Th and i = 3 
represents 234mPa. Information about half-live or decay constants (λ) is found in reference 
[10]. This result can be represented in terms of %, Activity 234mPa / Activity 238U, and is 
equivalent to the restoration level of the secular equilibrium given in %.  
 

238U 234Th 
4.5·109a 

α 

24.1d 

β- 234mPa ··· 
1.2m 

β-,γ 

A1 
λ1 

A2 
λ2 

A3 
λ3 



INAC 2017, Belo Horizonte, MG, Brazil. 
 

( )
( )

1

0 1
1 11

1

( ) ( )
j tn in n i

i i k n
i jk

l j
l
l j

eA t A t
λ

λ
λ λ

− ⋅∆− + −

+
= ==

=
≠

  
  
  

= ⋅ ⋅  
  −
     

∑ ∑∏
∏

     (2) 

 

(3) 
 
It is noted that the half-life of the 238U is much longer than the half-life of its daughters. This 
condition allows the activities of the parent and the daughters to be constant and 
approximately equal over time. This mechanism is defined as secular equilibrium and its 
behavior for the 238U series can be observed in Fig. 4 [5]. If there is withdrawal or addition of 
any of the elements, be it parent or daughter, the secular equilibrium will cease, however, it 
will return after a certain time. 
 
 

 
Figure 4: Secular Equilibrium of 238U, 234Th and 234mPa. [5] 

 
1.3. Secular Equilibrium of UF6 inside cylinders type 30B 
 
The commercial UF6 (up to 5% 235U) contained in a 30B cylinder [6] is in secular equilibrium 
with the daughters of the 238U radioactive decay series. However, to explain the concept of 
secular equilibrium, suppose a 30B cylinder containing 2000 kg of UF6 with 4% of 235U and 
96% of 238U formed immediately at time 0. Over time, the decay chain presented in Fig. 4 
manifests itself, with decay of 238U atoms and its daughters (234Th and 234mPa). Secular 
equilibrium occurs when the half-life of the parent is very long compared with that of the 
product. In this case the product activity approaches but never truly achieves equilibrium. 
After a period, however, the rate of change of product activity is so small that the activity of 
the product appears almost constant (i.e., neither increasing nor decreasing over time). The 
theoretical ratio of 234mPa and 238U activities can be seen in Fig. 5, calculated using Bateman 
equations [11]. It can be observed that the secular equilibrium is practically reached after 200 
days.  
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Figure 5: A(234mPa)/A(238

 
The Fig. 6 presents a schematic 
cylinder, on the left, represents the moment 
room temperature forming solid-
of the UF6 after 300 days, containing 
dispersed in the UF6 matrix, in amounts such that the
 
In the reconversion process, UF6 
of 238U remain inside the cylinder, as they are not volatile. At INB, a 
depleted from 4 to 5 days. Thus, as the mass of UF
daughters increase, which is represented in Fig. 
which corresponds to the age of 
UF6.  
 
 

Figure 6: Representative scheme of a 30B cylinder with UF
 
At the end of the fifth day, there 
and the concentration of daughters
by the black color in the fourth cylinder, 
[6]. 
 
If UF6 extraction was occurred in less than 1 day, with consequent formation of 
UO2, as well as the manufacture of UO
and pellets) would be without any

 
238U) and Secular Equilibrium Reinstatement

a schematic 30B cylinder containing UF6 at different times. The first 
represents the moment zero, when the cylinder is full with

-gas equilibrium. The second cylinder represents 
containing 234Th and 234mPa in the form of non-volatile compounds, 

matrix, in amounts such that their activities are equivalent to 

 is extracted from the cylinder to form AUC, and the 
U remain inside the cylinder, as they are not volatile. At INB, a 30B cylinder can be 

5 days. Thus, as the mass of UF6 is extracted, the concentration of the 
increase, which is represented in Fig. 6 by the bluish tone of the th

the age of 302 days, i.e., 2 days after the beginning of the extraction of 

 
Representative scheme of a 30B cylinder with UF6 at 4 moments

At the end of the fifth day, there are approximately 2 kg of UF6 that remained in the cylinder, 
daughters of the 238U is maximum for this condition, represented here 

by the black color in the fourth cylinder, after 305 days. This final product is known as heel 

urred in less than 1 day, with consequent formation of 
, as well as the manufacture of UO2 pellets soon after, these products (AUC, UO

without any 238U daughters, which were retained in the heel of 
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(AUC, UO2 powder 

were retained in the heel of 30B 
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cylinder (because they are not volatile). As result, the newly manufactured pellets would be at 
time zero of Fig. 5, restarting the cycle of secular equilibrium reinstatement for the daughters 
of the 238U. In other words, one could consider that the process of AUC formation by 
precipitation causes a break in the secular equilibrium, which will be restored along 
manufacturing stages (from the time AUC is formed until the UO2 pellets). This mechanism is 
represented in Fig. 7, based on Eq. 3, adjusted for the moment at which 300 days time 
corresponds to point 0. As can be observed, at this point the secular equilibrium is broken and 
it is immediately restarted, reaching again the full equilibrium approximately 500 days after. 
 
 

 
 

Figure 7: Secular Equilibrium Reinstatement calculated for 238U, 234Th and 234mPa, 
after AUC precipitation. 

 
 

2. DEVELOPMENT 
 
2.1. Product Inspection and Preliminary Results 
 
During the production of fuel assemblies for Angra 1, the fuel rods produced are inspected in 
Rod Scanner. The acquisition diagram expected for these products is shown in Fig. 8, where 
it´s possible to see the difference between pellets with 2.6% 235U at extreme regions and 
pellets with 4.15% 235U in the middle. This allows us to verify possible defects in the 
manufacture of  product, for instance, pellets with a lower degree of enrichment introduced in 
regions where only pellets with a higher degree of enrichment should be present or vice versa. 
An example of this occurrence can be seen in Fig. 9, where there are 9 pellets wrongly 
posictioned in the FR. 
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Figure 8: Acquisition diagram of a fuel rod with axial blanket: pellets with 2.6% 
235U at extreme regions and pellets with 4.15% 235U in the middle. 

 
 

 
 

Figure 9: Acquisition diagram of a fuel rod with axial blanket and pellets wrongly 
positioned. 

 
Nevertheless, on the production of the 21st reload of Angra 1, it was verified that the 
enrichment level resulting of the region with 4.15% 235U pellets was below the region 
containing 2.6% 235U pellets, which may be considered a non-conforming result, Fig. 10. In 
the following weeks, some selected rods were re-inspected, and the results were different, 
showing that the degree of enrichment of the 4.15% 235U pellets increased with time, while 
the 2.6% remained approximately constant (this will be better visible by Fig. 13). 
 
From these results, an investigation was undertaken to investigate what could cause 
interference in the Rod Scanner. The most relevant finding was that the lot of pellets with 
enrichment level 2.6% 235U was manufactured much previously than the lot of 4.15% 235U 
pellets. In other words, the 2.6% 235U pellets are older compared to 4.15% 235U pellets, (early 
manufactured). From this event, it was assumed the possibility of interference of the secular 
equilibrium, of 238U and 234mPa, described in section 1.  
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Figure 10: Acquisition diagram of a fuel rod with wrong measurement for the middle 
region: pellets with 2.6% 235U at extreme regions (older pellets) and pellets with 4.15% 

235U in the middle (early manufactured). 
 
2.2. Theoretical Calculation of Radioactive Decay and Secular Equilibrium  
 
In order to explain the phenomenon observed in 2.1, theoretical calculations of recovery of 
the secular equilibrium were made on pellets of 2.6% 235U and 4.15% 235U, as if they had 
been produced at the same instant. This assumption is represented in Fig. 11, obtained by 
calculating the activity of 234mPa as a function of time. As can be seen, the secular equilibrium 
reinstatement is analogous in both cases, so that the result to be resulted by the equipment 
would be equivalent to that of Fig. 8, for an axial blanket type rod. 
 
 

 
 

Figure 11: Secular Equilibrium Reinstatement calculated for 2.6%235U and 4.15%235U 
produced at time zero (day 0). 

 
However, if the pellets of 2.6% 235U were produced at any time zero (day 0), and the pellets 
of 4.15% 235U were produced after 300 days, the secular equilibrium would be different for 
these lots. The lot of 2.6% 235U pellets would be practically in secular equilibrium, while the 
lot of pellets 4.15% 235U would be in restoration, as represented by Fig. 12. 
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Figure 12: Secular Equilibrium calculated for 2.6%235U pellets and Secular Equilibrium 

Reinstatement calculated for 4.15%235U pellets. 
 
Consequently, if a fuel rod is assembled with pellets from lots manufactured at different times 
and inspected in Rod Scanner, the result presented by the equipment will be as different as the 
time interval between manufacturing dates. 
 
On the other hand, the advancement of time implies the restoration of the secular balance in 
the pellets 4.15% 235U, which will be practically complete after 200 days. Thus, if this rod 
was read periodically, the results of enrichment level provided by the Rod Scanner would be 
constant for the 2.6% 235U pellets and increasing for the 4.15% 235U pellets (these would 
initially be below those of 2.6% 235U). To illustrate this situation, calculations were performed 
using the decay parameters of the 238U series for the rod, generating Fig. 13. 
 
 

 
 

Figure 13: Theoretical results for a rod assembled with 2.6% 235U and 4.15%235U pellets 
manufactured at different times (representation for rods from 21st Reload of Angra 1). 
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3. TESTS RESULTS AND DATA 
 
3.1. Scanning Results of Rods and Secular Equilibrium 
 
In order to verify the theory proposed in 2.
Angra 2, type homogeneous (without axial blanket)
periodically. The 4.25%235U pellets lot
rods with less than expected time for restoration of secular equilibrium, and the differentiation 
for readings as a function of time can be 
 
 

 
Figure 14: Evolution of counts of 4

 
3.2. Data Analysis  
 
From Fig. 14, the counting level is directly proportional to the time. In addition, it can also be 
observed that the curves of both rods are practically overlapping, 
is common in different rods and is related to the pellets.
 
Thus, the results obtained in 3.1 allow 
possible to affirm that the equipment Rod Scanner undergoes reading interferenc
function of the displacement of secular equilibrium in 
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concluded that the UF6 extraction (
the deviation of the enrichment measurement o
by literature that the spectrum
Scanner detectors, from high energies of 

 
TESTS RESULTS AND DATA ANALYSIS 

Scanning Results of Rods and Secular Equilibrium  

In order to verify the theory proposed in 2.2, two fuel rods constructed for the 12th re
type homogeneous (without axial blanket), were inspected in the Rod Scanner 

pellets lot was manufactured and used in the production of the 
rods with less than expected time for restoration of secular equilibrium, and the differentiation 
for readings as a function of time can be observed in Fig. 14. 

of counts of 4.25% 235U pellets on fuel rods inspected by Rod 
Scanner. 

rom Fig. 14, the counting level is directly proportional to the time. In addition, it can also be 
observed that the curves of both rods are practically overlapping, evidencing that the behavior 
is common in different rods and is related to the pellets. 

Thus, the results obtained in 3.1 allow demonstrating the theory proposed in 2.
possible to affirm that the equipment Rod Scanner undergoes reading interferenc
function of the displacement of secular equilibrium in fuel pellets. 

4. CONCLUSIONS 

present a study for the secular equilibrium and its behavior in 
pellets produced by the AUC route, as well as its interference in the detection of 

on pellets inside fuel rods, when inspected by Rod Scanner
extraction (AUC route) and early time for inspections contribute

the deviation of the enrichment measurement on fuel rods. At the same time, it was 
the spectrum background created by Compton scattering, inside Rod 

Scanner detectors, from high energies of 234mPa affects the %235U measurement.

, two fuel rods constructed for the 12th reload of 
were inspected in the Rod Scanner 

was manufactured and used in the production of the 
rods with less than expected time for restoration of secular equilibrium, and the differentiation 

 

inspected by Rod 

rom Fig. 14, the counting level is directly proportional to the time. In addition, it can also be 
evidencing that the behavior 

the theory proposed in 2.2, being 
possible to affirm that the equipment Rod Scanner undergoes reading interferences as a 

the secular equilibrium and its behavior in 
n the detection of 

on pellets inside fuel rods, when inspected by Rod Scanner. It was 
time for inspections contribute for 

, it was confirmed 
background created by Compton scattering, inside Rod 

U measurement. Therefore, 
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it´s possible to perform a study of an alternative method for inspection of rods with UO2 
pellets early manufactured by Rod Scanner. 
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